





-S. DEPARTMENT OF COMMERCE reg MARCH 1947 
w. Averell Harriman, Secretary | VOLUME «+ 38 


ATIONAL BUREAU OF STANDARDS * NUMBER . 
E. U. Condon, Director : 


JOURNAL OF 
RESEARCH 


of the 
NATIONAL BUREAU OF STANDARDS 





Contents 


Ceramic coatings for high-temperature protection of steel. William 
N. Harrison, Dwight G. Moore, and Joseph C. Richmond 
(Price 10 cents) 


Electrical characteristics of quartz-crystal units and their measure- 
ment. William D. George, Myron C. Selby, and Reuben Scolnik. 
(Price 15 cents) 


Ionization and dissociation of cis- and trans-2-butene by electron 
impact. Vernon H. Dibeler. (Price 10 cents) 


Properties of barium-strontium titanate dielectrics. Elmer N. 
Bunting, George R. Shelton, and Ansel S. Creamer. (Price 10 cents) 





Determination of small amounts of carbon monoxide in air by various 
reference methods. Martin Shepherd. (Price 10 cents) 


A magnetic-lens electron spectrometer: Radiations from 5.3 year 
cobalt®. Leonard C. Miller and Leon F. Curtiss. (Price 10 cents) 


Preparation and physical properties of several aliphatic hydro- 
carbons and intermediates. Frank L. Howard, Thomas W. Mears, 
A. Fookson, Philip Pomerantz, and Donald B. Brooks. 


(Price 15 cents) 





br sale by the Superintendent of Documents, U. S. Government Printing Office, Washington 25,D.C. - Price 60 cents, 
$4.50 per year on subscription 


UNITED STATES GOVERNMENT PRINTING OFFICE. WASHINGTON : 1947 





Early 


i mater 
nminen 
hromiu 
reatly 
thes 
lso beca 
ndangel 
In an. 
Vas unde 
rds wit 
ckel-ch 
a nu 
lhe exh 
vines | 
onventi 
ind the 
roposed 


ndustry 


TOPE rth 


Whe 
142 
ropert 


coating 


igh-Te 





_§, Department of Commerce 
ational Bureau of Standards 


Research Paper RP1773 
Volume 38, March 1947 


Part of the Journal! of Research of the National Bureau of Standards 





Ceramic Coatings for High-Temperature Protection 
of Steel 


By William N. Harrison, Dwight G. Moore, and Joseph C. Richmond 


A new type of ceramic coating for the protection of low-carbon steel in high-temperature 


service was developed during the war at the National Bureau of Standards and was used by 


the Army and Navy on the exhaust systems of certain aircraft and other vehicles. The out- 


standing features of these coatings are (a) high resistance to chipping under repeated thermal 


shock, (b) protection of the metal against oxidation during prolonged exposure at tempera- 


tures up to about 1,250° F, (ce) freedom from the cracking and blistering produced in con- 


ventional porcelain enamels under comparable conditions of high temperature and severe 


thermal gradients, and (d) a mat surface which does not show high lights and, therefore, 


decreases the visibility. 
I. Introduction 


Early in the war, crucial shortages of a number 

{ materials essentia] to its prosecution appeared 
nminent. The outlook regarding nickel and 
hromium was particularly dark owing to the 
reatly increased demand that was anticipated 
these metals as constituents of alloys, and 
lso because normal importation of these ores was 
ndangered. 

In an effort to alleviate this situation, a project 
yas undertaken at the National Bureau of Stand- 
rds with a view to the possible replacement of 
ickel-chromium alloys by ceramic-coated steel 
» a number of high-temperature applications. 
lhe exhaust manifolds of certain automobile 
ngines had for some years been coated with the 
onventional type of glossy porcelain enamel, 
bud the use of this type of glossy coating was 
woposed by a number of organizations in the 
ndustry. The work at the Bureau included the 
esting of such coatings submitted by manufac- 
irers, but, in addition, it involved the develop- 
nent of a new type of ceramic coating having 
roperties peculiarly suited to high-temperature 

When the development work was begun in 
42, it was recognized that there were several 
roperties which were of especial importance in 
t coating for the intended purpose. These include 
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the following: 1. It should adhere well to the 
metal; 2. The coating should be thin, both to 
reduce weight and to minimize the likelihood of 
cracking and chipping due to accidental mis- 
handling; 3. There should be no “‘reboil’’;! 4. It 
should protect the steel against oxidation when 
used at high temperatures for prolonged periods; 
5. It should have high resistance to thermal shock 
and to temperature gradients. 

Such a new type of coating was developed and 
was described to the armed services in June 1943 
in a report also containing comparative data on 
conventional type porcelain enamel coatings. 
The present paper comprises most of the informa- 
tion in that initial report, as well as supplementary 
material on service tests, compositions, and tech- 
nie of application as used in regular production of 
exhaust parts for the armed services. 


II. Development of High-Temperature 
Ceramic Coatings 


1. Study of Refractory Admixtures 


After a consideration of the previously outlined 
properties that were desirable in a high-tempera- 
ture protective coating, it was concluded that a 
coating of greater refractoriness than that of con- 

1 **Reboil’”’ may be defined as the appearance in the coating of gas bubbles 


usually occurring at or near 1,100° F when porcelain-enameled iron or steel 
is reheated after the first firing operation. 


293 





ventional ground coats would be required. In 
order to achieve this property, it was believed most 
promising to add refractory mill additions ? to the 
conventional-type enamel ground-coat frit * rather 
than to make the frit itself highly refractory, 
which would involve its being difficult to handle 
in the smelting furnace. It was also believed 
desirable to depart from the conventional glossy 
enamel finish and to develop a mat surface that, 
in conformity with military practice, would have 
low visibility because of its freedom from high 
lights. 

To accomplish these purposes, various refractory 
materials, singly and in combination, were added 
as mill additions in varying amounts to conven- 
tional ground coat enamel frits. Batch composi- 
tions of the two base frits used,* together with the 
computed chemical compositions, are given in 
table 1. The admixtures that were tried included 
zirconium oxide, titanium dioxide, ferric oxide, 


Taste 1. 
tions of ground coat porcelain enamel frits 1 and 11 


Batch weights and computed chemical composi- 


BATCH WEIGHTS 


Parts by weight 
Ingredient 


Frit 1 Frit 11 


Feldspar 

Flint 

Borax 

Soda ash 

Soda nitre 
Fluorspar 
Cobalt oxide 
Nickel oxide 
Manganese oxide 


COMPUTED CHEMICAL COMPOSITION 


SiO, 
AbOs. 
BrOy 
CaO 
KO 
NarO 
F: 
NiO 
CoO 
MnO: 


? A mill addition is any material placed in the ball mill prior to the grinding 
of the coating for application to the metal 

? Frit is a term used in the enamel! industry to refer to the material resulting 
from the quenching and shattering of the molten glass as it is poured into cold 
water from the smelting furnace. 
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aluminum oxide, chromic oxide, silico, dioxic, 
silicon carbide, feldspar, mullite, and ci::ome op, 

The coatings, as prepared from the two fri 
with the various refractory admixtures, wor 
applied to low carbon steel specimens and fired y) 
temperatures up to 1,650° F. They were then oy. 
amined for surface texture and adherence. Thy 
ones showing promise were heated for periods of 
several hours at a temperature of 1,650° F in orde 
to obtain rapidly an indication of their effective. 
In these early heating tests, chipping 
“burn-off,” flow of the coating, and _ blistering 
were common defects. Of the various coatings iy 


hess. 


cluded, those containing alumina showed the bes 
possibilities. 

It was noted early in the work that alumin 
had a very powerful effect in raising the viscosity 
of the coatings. During firing, the A-/9 coating 
(table 3) was not “tacky”’ like an ordinary ground 
coat, and accidental touching of the coating wit) 
firing tools at 1,600° F did not cause sticking 
At a temperature of 1,200° F, specimens protected 
with coatings high in alumina would not adhere | 
each other, even when placed in intimate contac! 
To obtain more specific comparisons, frit 11 was 
dry-ground in a pebble mill to a fineness such thai 
about 1 percent was retained on a No. 200 siev: 
At the same time, a number of oxide admixtures 
were ground to approximately the same fineness 

Mixtures were prepared from the resulting 
fine powders in the ratio 80 percent by weight o! 
frit to 20 percent of oxide. A solution of gun 
arabic was added in sufficient quantity to giv 
coherence, after which cylinders 5/8 in. in diameter 
were dry-pressed at 10,000 Ib/in®. After th 
cylinders had dried they were reduced to a unifor 
length of 3/4 in. 

Before firing each cylinder it was placed on 4 
small plaque of stainless steel that had _ beet 
sprinkled with a thin layer of finely divided cal- 
cined alumina. The cylinders were then inserte 
in a vertical position into a furnace at 1,600° f 
for 10 minutes, after which they were remov 
and cooled slowly to room temperature 

Figure 1 shows the results of these tests. Fri 
11 with no addition fused to a button, whereas 
the same frit with the 20 percent by weight | 
A-1 alumina merely sintered and maintained 
‘W-.N. Harrison, R. E. Stephens, and 8. M. Shelton, Cons 


types of vitreous enamel frits at and near firing temperature 
NBS 20, 39 (1988) RP 1063. 
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VO frit ich-temperature flow of the frit. The larger size 
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g WIthI Ficure 1.——Effect of 20-percent admixtures of various 
icking Mprides on the fusion properties of a “hard” porcelain-enamel 





pround-coal frit when preparea as cylinders 5/8 in. in 


liamter by 3/4 in. high and fired for 10 minutes at 1,600° F. 
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Note sharp edges remaining on specimen containing alumina. 
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Early in the study of alumina admixtures it was 
liscovered that the type of alumina grain had a 
ontrolling influence on the characteristics of the 
ating. For example, it was found that fused 
lumina, or alumina calcined at a high tempera- 
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ure, gave dense, glossy coatings when so fired 






is to give satisfactory adherence. These glossy 
oatings all showed reboil when heated to ap- 






D give 





jropriate temperatures. Other grades of alumina, 
calcined at lower temperatures and available com- 
mercially at reasonable cost, gave mat coatings 
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viform 







that were free of reboil when substituted in the 
same formula in like amount. A—/ alumina 
table 2) obtained from the Aluminum Ore Co., 







on a 







been East St. Louis, Ill., was of this type and was used 
d cals the refractory admixtures in the coatings 
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All the mat coatings prepared with A-/ alumina 
were somewhat porous, and it is believed that this 
porosity is responsible for the absence of reboil 











Fr@blisters when coated specimens are heated through 
eresH the range 1,050° to 1,150°F. The reboil gases are 
ht apparently able to pass through these porous 
ed coatings without blistering, whereas the imper- 

viousness of the dense, glossy types is such as to 
vesregttrap these gases, with the resultant formation 





of blisters. 
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TABLE 2.— Typical chemical and screen analyses of the A-1 calcined alumina 
used in the preparation oj ceramic coatings 
Typical chemical analysis ! 
74¢@. 
Percent 
AlyOs YA SY 
Na;O 55 
S10, 2 
FeO; 08 
TiO: 004 
H,O (combined) » 


100. 00 


HO (free) 1.25 


Typical screen analysis ' 





lto4 
40 to 5 
30 to 40 
10 to 2 


Retained on No. 100 sieve 
Through No. 100 on No. 200 sieve 
Through No. 200 on No. 325 sieve 
Through No. 325 sieve 








Analysis by Aluminum Ore Co., East St. Louis, IL: 


2. Compositions of Coatings Selected 


Three of the coatings prepared with admixtures 
of A—/ alumina were found to be outstanding from 
the standpoint of appearance, ease of application, 
and adherence to the metal.’ The mill additions 
used in preparing these three coatings (A-—/9, 
A-20, and A-54m) are given in table 3. A fourth 
coating, A-31, which also was found to possess 
certain desirable properties, consists of one cover 


Will batches used in the preparation of ceramic 
coatings A-19, A-20, and A-55m 


TABLE 3. 


Parts by weight 


Ingredient 


1-19 1-20 155m 

Frit | 3.0 

Frit 11 WO. 100.0 100.0 
Calcined alumina * 25.0 20.0 5.0 
Enameler's clay 0.0 6.0 15.0 
Black cobalt oxide 1.00 0. 25 0.50 
Citric acid crystals 0.05 O05 03 
Water w.0 1.0 1.0 


! The ratio of frit 1 to frit 11 may be varied in either direction when the 
resulting slip is better suited to local plant conditions. 
? Aluminum Ore Co. A-! (see table 2 
This amount of cobalt oxide may be reduced or even eliminated without 
damage to performance characteristics. The nearly black color imparted by 
the cobalt is conducive to uniformity of appearance 


’ Because of the unusual properties of the developed coatings, application 
was made for a Government patent. This application was originally filed 
under the provisions of Revised Statute 4814, which served to keep the subject 
matter in a confidential category. At the end of the war, the need for these 
restrictions no longer existed, and the patent application was released from 


this status in December 1945. 
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coat of A—20 over a ground coat of A-19. Coatings 
of lower alumina content (10 percent and 5 per- 
cent) have been prepared and have less tendency 
to “burn-off” and have greater refractoriness than 
conventional porcelain enamels, but the coatings 
thus formed do not have a durability at high tem- 
peratures comparable to that of the A-19, A—20, or 
A-55m compositions. 

Details regarding the milling, application and 
firing of the coatings are given in section IV-—3. 


3. Expansivity and Softening Temperatures 


Thermal-expansion and _ softening-point data 
were obtained with the Fizeau-Pulfrich interferom- 
eter® by the revised procedure of Saunders.’ 
The specimens for these tests were prepared in the 
following steps: 1. Pressing small disks of the 
partially dried slip; 2. Cutting out small pegs of 
the proper size and shape from the dried disk; 3. 
Firing the pegs on a small 18-gage stainless-steel 
sheet for 5 minutes at 1,600° F. Annealing was 
done by heating the specimens to 1,300° F and 
cooling them at a rate of 3° F per minute through 
the critical-temperature zone. 

The following tabulation gives the coefficient of 
linear expansion per °C of frit 11 and of three 


coatings over the range 25° to 400° C: 


Interferometer soften- 


Material ing temperature 


Expansivity 
°C F 
10~* 531 988 
1040 
1092 
1098 


Frit 11 9.6 > 

Coating A-—J54m 9. 6 560 

Coating A-19 10. 2 589 
i 


Coating A-—20 : 10. ¢ 592 


Considering expansion coefficients only, these 
data would indicate that coatings A-/9 and A-—20 
could be applied to low carbon steel, which has a 
coefficient of approximately 13.6 107° over the 
same range, with less residual stresses on cooling 
than would be the case when a conventional ground 
prepared from frit 11 was applied. Ex- 
perience has shown, however, that these new coat- 
ings cannot be applied in as heavy an application 
as conventional ground-coat enamels becausé of 


coat 


spontaneous chipping, a defect which ordinarily 


indicates an excessively high residual stress be- 


* George E. Merritt, The interference method of measuring thermal expan- 
sion, BS J. Research 10, 50 (1983) RPS515 

T James B. Saunders, Improved interferometric procedure with appl ication 
to expansion measurements, J. Research N BS 23, 179 (1939) RP1227 


296 


tween the coating and metal base. [he toy, 


perature at which stresses are first intro: iced jy) 
the coating during cooling of the coated sto 
which is related to the interferometer softeniy, 
temperature, has an important influen, 
Coatings A-/9 and A 


rigid at temperatures considerably aboy 


‘on th 
residual stress. becom, 
that for 
a normal ground coat, and therefore stresses y, 
being introduced over a wider temperature rang 
during cooling. Thus, although coatings 4-)) 
and A-20 have higher thermal expansions tha) 
many conventional ground-coat enamels, they 
may, nevertheless, be under greater stress afte 
cooling to room temperature. 


III. Laboratory Tests of Coatings 


During the same period that the developmen 
work was being carried forward on the ceram 
coatings, laboratory tests were being devised tha’ 
would rapidly give an indication of the relatiy 
suitability of the various commercial enamels tha 
were being submitted for the protection of low- 
The A-19, A-2 
and A-—3! coatings were developed in time to lx 
included in The 
however, was a later development. 

In two of the laboratory tests (flame impinge- 
ment and air-blast thermal shock) the specimens 
coated with the conventional enamels were sub- 
mitted by the respective manufacturers. For a 
other tests, the required enameled specimens wer 
prepared and coated at the Bureau, using th 
ingredients supplied by the manufacturers. Tb 


carbon-steel exhaust systems. 


these tests. A-55m coating 


manufacturers also supplied directions for th 
preparation, application, and firing. 

The recommended firing temperatures for (! 
conventional enamels varied from 1,550 
1,750° F. The NBS coatings applied for ¢! 
laboratory tests were fired at 1,400° F. 

One of the difficulties in devising suitable labora 
tory tests for the coatings was to provide cond: 
tions that would be representative of those und 
which aircraft exhaust systems operate. Litt 
information as to the operating conditions was 
available at that time, but they were known 
vary widely. For example, it was reliably ™ 
ported that some short exhaust stacks, especially 
those that are only slightly curved, never becom 
hot enough to give a red glow in the dark, eve! 
when used on powerful engines. The maximun 
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ooo’ F. On the other hand, collector 
‘ings for turbo-supercharged engines were known 
to operate in temperatures 
sufficient to give a bright-red color at the hottest 


part Ss 


tempe! 


helow 


some instances at 


lhe maximum temperature in this case 
sssumed to be well in excess of 1,250° F. 


was ? 
The temperatures suggested by the armed services 
for many of the tests reported herein (1,100° F 


and 1,200° F) were chosen to represent inter- 
mediate conditions such as are encountered by 
stacks that are sharply curved near the inlets, and 
collector rings for some of the engines that are not 
turbo-supercharged. 

Some reported measurements of the temperature 
of exhaust systems by means of thermocouples 
attached directly to the outer surface of the metal 
were so low as to be open to question because of 
the cooling effect of the surrounding atmosphere 
on the thermocouple hot junction. Errors can be 
minimized by spot-welding the respective wires of 
the thermocouples to the test specimen at slightly 
separated locations. This method was used in the 
present study to obtain temperatures of specimens 
not enclosed in a furnace. 

It was observed that the shape of the test 
specimens had a strong effect upon the behavior 
of the coatings tested. Some of the test specimens 
were flat plates (4 in. by 6 in.) instead of being 
tubular, as in exhaust systems. The flat plates 
lacked the rigidity of tubes, and the specimens 
were often distorted by stresses resulting from 
severe thermal gradients. The effects produced 
must accordingly be considered as exaggerations 
of those which would occur in tubular specimens. 


1. Flame-Impingement Test 


The specimens used in this test were 4 in. by 
6 in., and the enamel was applied to both sides of 
the 18-gage low-carbon steel in thicknesses - of 
0.003 in. to 0.004 in. A laboratory blast burner 
having an exhaust tube approximately 5/8 in. in 
diameter and 3 in. in length was modified, as 
shown in figure 2, by covering the mixing tube 
with an enameled cylinder 1 in. in diameter and 
9 im. in length. This cylinder was adjusted at 
an angle of approximately 45 degrees to the hori- 
zontal plane in which the specimen was supported, 
the end being approximately 2% in. from the 
specimen. A 22-gage platinum-to-platinum-—10- 


bel 
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Ficure 2.—Equipment used for flame-impingement tests 
with 4- by 6-in. specimen suspended from tripod. 


The thermocouple beneath the specimen is used to control the flame 
temperature. 


percent rhodium thermocouple was placed at the 
center of the flame 1/4 in. below the specimen. 
The air and gas were adjusted so that the thermo- 
couple indicated a temperature of 1,700°+20° F 
with a specimen blank in position. When this 
condition was reached, the blank was removed 
and the flame was allowed to impinge on a test 
specimen for 15 minutes, after which the speci- 
men was examined on both sides. 

In a trial test the enamel over areas about 
in diameter and 1/4 in. apart was ground off the 
upper surface of the metal base of the specimen, 
opposite the central point of contact of the 
flame, and Chromel and Alumel wires were spot- 
welded at these areas. This thermocouple indi- 
cated the temperature of the metal to be 1,040° 
+20° F. During the actual tests, however, only 
the thermocouple shown in figure 2 was used to 
control the flame temperature. 

Among the coatings thus tested, none showed 
evidence of failure from localized ‘crawling,’ in 
which the enamel separates, leaving streaks of 
apparently unprotected metal. The failures that 
did occur from this testing procedure were be- 
lieved to be accentuated by a flexing, or buckling, 
of the metal, caused by stresses resulting from 
large thermal gradients accompanying the local- 
ized heating of a small area from the bottom sur- 
Fine cracks occurred on some specimens of 


bin. 


face. 
the conventional enamels on the side where the 
ry 

These cracks 


enamel was placed in_ tension. 
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apparently offered a path of least resistance to 
the gases escaping from the metal, but owing (1) 
to the constriction of the fissures and (2) to the 
the being — slightly 
above the softening points of the enamels, the 


temperature of specimens 
gases formed elongated blisters or rows of blisters 
along the lines of rupture of the coating. Varying 
degrees of this effect from no noticeable effect 
(condition A) to severe effect (condition )) are 


illustrated in figure 3. 


Ficure 3 Tension side of specimens typical of results ob- 
tained from both the flame -empingement and the air-blast 
thermal-shock test 


lo the coati ng 


illustrating varying degrees of damage 


Condition A represents no effect 


The concave (compression) sides of specimens 
which were distorted by thermal gradients in the 
flame-impingment test sometimes showed a ran- 
dom distribution of blisters over the test 
illustrated in figure 4 (//). 
there was a combination of cracks and blisters 
shown as condition JJ/ in the same figure. 


area, 
On other specimens 


I 


Ficure 4 Compression side of specimens typical of results 


obtained from both the flame-impingement and from the 
air-blast thermal-shock test illustrating diffe rent types of 
damage ta the coati ng 


Condition J represents no effect 


The results of the flame-impingement test are 
given in table 4. Among the commercial enamels 
(indicated by C, followed by a numeral), C-—9 and 
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(5 had the best ratings, both sides o 
NBS coatings A-/% 
received the maximum rating for bot! 
pression and the tension sides of the sp: 


mens considered. nd A 


{ he COM- 


mens 


TABLE 4.—Results of flame-impingement tests 


6-inch coated specimens made with an indicat 


perature of 1,700° F and specimen temperatur: 


Average coating 
thickness 
Number 
of 


cycles 


Specimen 

identification Compres 
sion 
side 


lrension Ter 
side . 
Mils Mils 
0 


$ 
$ 
42 
3 


Letter designations refer to condition of test area on tens 
specimen after treatment, as illustrated in figure 3 

Numerals refer to condition of area on compression side 
treatment, as illustrated in figure 4 


2. Thermal-Shock Test by Air Blast 


The specimens for this test were the same 
those used for the flame-impingement test (4-1 
by 6-in. plates). 

Temperature measurements were made 
means of Chromel and Alumel wires, separat: 
spot-welded to each specimen after grinding off 
the middle of the t 
A Fisher burner, 1 1/8 in. outside diamet 


at the top, was placed approximately 1/2 in. below 


small areas of enamel at 


area. 


the specimen, which was supported as shown 
figure 2, with the thermocouple on the upper si 
The temperature of the specimen was allowed | 
1,200° F 


which time a blast of air at room temperature was 


increase rapidly until it reached 
released on the under side of the specimen. This 
blast immediately blew out the flame and reduc 
the temperature of the test area to 400° F with 

a period of 12 to 15 seconds. After five cycles 

this treatment, the specimens were inspected at 
graded. 

The results of the air-blast thermal-shock tes 
are given in table 5. Among the commereia 
enamels, C-9 had the highest rating for this tes! 
Experimental enamels A—/9 and A-—3/ received th 
maximum rating for both the tension and the cot 
pression sides of the specimens, their conditie 
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‘ter test being shown by A in figure 3 and / in 


Results of air-blast thermal-shock test (1,200° to 


12 to 15 seconds) on 4-inch by 6-inch coated 


Condition after 
treatment 


Average coating 
thickness 
Num ber 
of cycles 
rension Compres- Tension 
side sion side sick 


Compres 
sion side 2 


Mils Mil 


nations refer to condition of test area on tension side of speci 
ed in figure 3 
i 


efer to condition of test area on compression side of specimen, 


n figure 4 


3. Thermal-Shock Test by Water Spray 


Tubular specimens | in. in diameter and 9 in. 


and out, mounted as 


The specimens fit snugly into 


mg, coated inside were 


hown in figure 5. 
he top of the Fisher blast burner, with little or no 
eakage at this junction. A refractory tube, ap- 
roximately 9 in. long, was placed at the top end 
f the specimen, a close fit being obtained also at 
his location. By adjusting the air and gas sup- 
lies, the flame could be regulated to burn within 
he enameled metal cylinder for a distance of 
everal inches above the burner. For temperature 
Chromel Alumel 


pot-welded to the specimen after grinding off 


neasurement, and wires were 
mall areas of enamel approximately °, in. apart, 
ita level about 1% in. above the top of the burner. 
\t the beginning of the test, the air and gas 
ressures were so adjusted as to cause the flame 
» burn within the tubular specimen, the hottest 
rea being at the level of the thermocouple. 
Vhen the thermocouple indicated 1,200° F, a 
ontrolled directed at the 
ween while the flame still burned inside the 


ibe. The water spray was continued until the 


spray of water was 


i 


pecimen was cool enough on the outside for the 
Water to form a film over the area between the 


points of attachment of the thermocouple wires. 


This operation required from 12 to 15 seconds for 
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Ficure 5.—Equipment for determining resistance of coat- 


ings to thermal shock by water spray. 


Specimen is dark tube at center of assembly. Thermocouple wires are 


separately welded to specimen, 


different specimens. Each specimen was given 
five cycles of this treatment. 

Other tests were made in which the specimens 
were first quenched from 1,000° F for five cycles 
and then heated to 1,100° F and allowed to cool 
without quenching. Still other tests were made 
in which the specimens were given five quenches 
from 900° F, after which they were heated to 
1,100° F and allowed to cool without quenching. 

The results of these tests are given in table 6, 
in which the specimens are graded by letters. 
A indicates no noticeable effect, as illustrated in 
figure 6, A; B indicates the development of a 
pebbly surface resulting from blisters, as illus- 
trated in figure 6, B; and C indicates chipping of 
the enamel, as illustrated in figure 6, C. This 
chipping occurred in spots that had first blistered. 
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C 


Three resulting from the 


thermal-shock test by water spray. 


Ficure 6 degrees of damage 


Condition A represents no noticeable effect; condition B, a pebbly surface 


resulting from blisters; and condition C, a chipping of the enamel in spots 


that had first blistered 


As shown in table 6, none of the enamels was 
affected by five cycles of the water-spray quench 
from 900° F or 1,000° F. 
to 1,100° F, however, damage occurred on all the 
Quenching from 1,200° F 
also damaged all the commercial enamels. En- 
amel C-9 was outstanding among the conventional 


On subsequent heating 


conventional enamels. 


enamels in resisting the more severe temperature 


conditions. Coatings A-19 and A-31 rated grade 


A throughout the water-spray quenching tests. 


300 


Results of thermal-shock tests wit 


on 1-inch-diameter ccated tubes 


TABLE 6. 


Conditior 
Average five que 
coating 
thickness 


Specimen identification 


Letter designations refer to the relative severity of effect 


in figure 6 1 indicates no noticeable effect; B, blistering: and ¢ 


followed by chipping 
? The first letter in all cases indicates the condition of t 


five quenches from the indicated temperature he second letter 


condition of this same area after subsequent heating to 


further quenching, 


4. Thermal-Shock Test by Immersion in Water 


Flat 18-gage low-carbon-steel specimens 4 
by 6 in. were used for this test. They were initia! 
heated in an oven, the temperature of which wa 
held slightly above 600° F. A thermocouple 
kept in contact with the upper surface of | 
specimen, and when it indicated that the specim 
had reached 600° F, 
rapidly from the oven and immediately immersed 
to a depth of 3 in. (one half submerged) in wate: 
75°+5° F. The specimen was then examin 
for damage and, if none had occurred, it was giv 
a second cycle of treatment at an oven temper: 
ture of 700° F. 
perature was raised 100° F, 
were continued until failure occurred or until | 
specimen from 1,600° F. 1 
temperatures at which failure occurred, as 


the specimen was remo\ 


In each succeeding cycle the ten- 
and these treatments 


was quenched 


cated by spalling off of the coating, are give! 
table 7. 

This quenching treatment with the 4 in. by 6 
plates is probably much more severe than any 
countered in service, but the data in table 7 se! 
to emphasize certain differences among the respe 
tive coatings. The “bead” referred to in the th 
column of table 7 is a very narrow strip of enan 
at the extreme edge of a specimen and thick 
than over the principal area. With care, beat 
can be minimized, but they are difficult to elim 
inate. The powerful effect of thickness upon th 


mal-shock resistance is evident from the diff 
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ces in 


burred U 


spe 
itable 
except 
00° | 


pecume! 


yxidatiol 
oatings 
y riods i 
t was ; 
olatilizs 


he heat 


Thermal-shock tests by immersion in water 


Temperature for failure 

A verage 

coating 

thickness 


fication 
Chip in 


Crazing Failure 
bead ? 


I 
1, 000 
1, 100 
1, 100 
1, 000 
1, 100 
1, (0+ 


1, aM 


A 
occurred when quenched from the tem- 


ture from which specimen was quenched to produce failure 
icates that no failure 
ed 

sa very narrow str 


. p of coating at extreme edge of specimen, 


in elsew here 


bices in the temperatures at which chipping oc- 
red in the beads and those at which failure of 
he specimens as a whole occurred. It is also 
otable that coating A-19, which did not fail 
except at the bead) even when quenched from 
F, had the thinnest coating of all the 
pecimens tested than of 
lossy porcelain enamel can be successfully ap- 


HOU 


thinner a coating 


lied in production. 


. Test for Protection of Metal Against Oxidation 


As a measure of the degree of protection against 
xidation of the metal provided by the various 
oatings, specimens were heated for prolonged 
eriods at constant temperatures. In these tests 

was assumed that there was no appreciable 
olatilization of the coating ingredients throughout 


he heating and that the gain in weight that 


occurred was due to oxidation of the metal. The 
oxide was in most cases absorbed in the coating 
as it formed until a saturation level was reached, 
at which stage the adherence usually deteriorated 
and the coating flaked off the specimen. 

The specimens for the gain-in-weight tests were 
flat, 18-gage, enameling-iron plates, 1% in. by 2% 
in., having a small hole near one edge, and from 
which they were suspended during the test. The 
coated specimens were heated in air in a furnace 
in which the temperature could be controlled to 
within +15 deg. F. The 
1,400° F for 32 hr, 1,200° 
1,000° F for 252 hr. 

Specimens were removed for inspection at fre- 
quent intervals, and weighings to the nearest 
milligram were made in order to follow the gain 
in weight. 


made at 
hr, and 


tests were 


F for 77 


A summary of the results of these tests is given 
in table 8. From these data it is apparent that 
the rate of oxidation of the coated metal decreases 
greatly with a decrease in the temperature of test. 
Both the total amount of weight gain for the entire 
test period and the rate of gain during the final 
interval decreased for each coating as.the tem- 
perature of test was decreased from 1,400° to 
1,200° to 1,000° F, even though the length of the 
test period was increased. Data on experimental 
coating A-20 were included in table 8 because 
tests on coating A-31 had not been completed at 
1,200° and 1,000° F, and it is believed that 
cause of similarity of composition and the relative 
results obtained at 1,400° F, A-3/ should perform 
at least as well as A-20 at the lower temperatures. 


be- 


Protection provided by different coatings against oxidation of enameling tron at high temperatures as indicated by 


gain in weight of 14-inch 


t at 1,400° F rest a 


Gain in weight 
Coating 


thick- 


ness 


Coating 
thick- 
Rate 1544 ness 


br | to 32 hr 


At 32 he 


mg/hr 


2.18 


Interpolated, 
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Gain in weight 


At 15% 


by 2'4-inch specimens 


1,200° F Test at 1,000° F 


Gain in weight 

Coating 
thick- 
ness 


Rate 78 


to 252 hr 


Rate 30 


to 77 hr At 78 hr 


At 77 hr At 252 hr 


mg/hr 
0.33 
Sl 


~ 


? Specimen chipped before 32 hr 





* 


At 1,400° F, the newly developed coatings A-—19, 
A-20, and A-31 gave lower gains in weight than 
any of the conventional enamels. Enamel (-9 
was outstanding in its low gain in weight among 
the commercial group. 

At 1,200° F, coating C—9 gave the best results of 
all the coatings and A-20 was next. Both of the 
NBS coatings that were included (A—19 and A-—20) 
permitted less total gain in weight and a lower 
rate of gain than any of the conventional coatings 
except C—%. 

At 1,000° F, the weight gain was low in all 
cases, but the relative position of coating C-1/ 
changed, and in this test it had the largest weight 
gain, whereas (9 had the least. 

Coated specimens of both enameling iron and 
SAE 1020 steel were heated for various periods at 
1,400° F. Although these comparative data are 
not shown in table 8, all coatings showed a ten- 
dency to chip off the 1020 steel spontaneously 
after prolonged treatment at 1,400° F, whereas 
the same coatings on enameling iron, after com- 
treatment, still showed fairly 


parable good 


adherence. 
6. Tests for Protection of Metal When Heated 


When studying adherence of coatings after the 
oxidation tests, it was noted that some specimens 
became brittle after prolonged periods of heating 
at temperatures above a red heat. It was noted 
also that the time of heating required to produce 
embrittlement as measured by a standardized 
impact depended on (a) the temperature, (b) the 
duration of treatment, (c) the type and amount of 
alloying, and (d) the protection against oxidation 
offered by the coating. 

The embrittlement test as used in this work con- 
sisted in subjecting the specimen to impact at 
room temperature after various heating periods by 
allowing a 10-lb weight to fall from a height of 18 
in. onto a 1-in.-diameter steel ball centered on the 
specimen so as to be directly over a 1\-in.-diameter 
Thus, the force 
of impact depressed the metal sheet over an area 
represented by the 1\-in. diameter of the recep- 
tacle and to a depth of \ in. at the center. Failure 
was indicated by any visible cracking of the metal 
in this test area. 

Table 9 shows the difference in the time at 
elevated temperatures required to develop em- 


by \-in.-deep steel receptacle. 
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brittlement of the various metals studied. |p yj 
cases where comparisons were possible, ‘he appli. 
cation of the A-3/ coating materially inepegss 
the time at 1,400° F required for embrittlemen 
failure. Other coatings acted similarly, th; 
effectiveness being closely related to the degree of 
protection against oxidation. This observation 
suggests that the cause for the metal becomiy 
brittle is closely associated with intergranula 
oxidation. 


TABLE 9. 
peraluve for six metals, beth uncoated and coated 


Resulis of the embrittlement tesis' ai roon 

As 1s 
namels, 
» the i 
mpera 


A-31, after heating in air at the temperature indicated 


Time for embrittlement at 


Metal : 
1,200° F, 1,400° F, pplieat 
uncoated uncoated : 
w-Ca rb 
) two-ct 
hr hr 
Ingot iron 64 but 5 but 
SAE 1010 245 ‘7 
SAE 1020 245 31 but 
NAX 9112 245 31 but 
SAE 4130 245 47 
NE 8630 245 31 but 


Ol exce 
Coati 

atisfact 
llovs 0 
A oa ting 

Cracking of metal in a standardized impact test, as outlined int , 
taken as embrittlement failure. Xpansi 
? Longer heating times than 47 hr not feasible because of oxidat ations 
metal 

Enameling iron 


TABLE 10.— Results of tensile-strength tesls at roomtem; 


ture for six steels 


Tensile strength at room temperature 
tensile specimens heated 


0 hours at 25%) hours at 
1,200° F 1,200° F 
rdinary 
4-3! 


coated 


7 asible, 
coated Bare 


fi tory 


Kips; Kipe| Kips Kips 
in? in. in? 


3 “7 


Ingot iron 9 47 
SAE 1010 2 48.3 45 
SAE 10202 . 71.4 54 
NAX 9112 l 3.1 72 
SAE 4130? 8 117.6 75. 5 
NE 8630? 2 


101.0 is 


! Values in these columns are tensile strengths based on dimensions 
specimens after removal of scale 
2 A-3! coating was slightly blistered on these metals, and th eaned 

punctures in the coating reduced its effectiveness. 
a 


3 

None of the data listed in table 9 is sine} 
quantitative. To overcome this objection, “ Ph 
American Society for Testing Materials tens!qjPO¢'! 


igh-7 
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‘2, was used in the hope of obtaining data 
uld be of value in determining more 
recisely the effect of the coatings. These data, 
hich are given in table 10, show that in all cases 
ye specimens coated with A-—3/ retained more 
rength than uncoated specimens after having 


Vatiogpeen heated for 250 hr and 500 hr at 1,200° F. 


‘oMing 


anocav. Directions for Commercial Application 


of Coatings 
1. Suitable Types of Steels 


As is the case with conventional porcelain 
namels, proper selection of steel is important also 
, the most satisfactory application of the high- 
mperature coatings. In general, single-coat 
pplications can be made on any of the so-called 
w-earbon steels. In order to prevent blistering 
: two-coat applications of the A-3/ type, however, 
he carbon content of the metal should preferably 
ot exceed 0.15 percent. 

Coatings of the A-/9 and A-20 types can be 
wtisfactorily applied on most high-temperature 
lloys of the austenitic types if the thickness of 
wting is kept below 0.003 in. The high thermal 
xpansion of these alloys makes the heavier appli- 
ations impracticable because of the tendency 
oward chipping due to excessive strains. 


2. Preparation of Metal 


The metal must be properly cleaned before 
pplication of the ceramic coatings if satisfactory 
vsults are to be obtained. In general, the metal 
ust be more deeply etched than is common when 
porcelain applied. When 
asible, sandblasting is recommended, but satis- 


rdinary enamel is 
uctory adherence can be otained by pickling if a 
uitable procedure is used. Grease must be com- 
letely removed prior to pickling, and a heavy 
ickel flash is imperative even when the steel is 
leaned by sandblast. For this purpose a 3-percent 
lution of niekel-ammonium sulfate heated to 
60° F, and with the pH adjusted at 5.2+0.2 
ith HLSO,, or NH,OH, has been found effective. 
‘he recommended time of immersion of the 
leaned metal in this solution is 15 minutes. 


3. Preparation, Application, and Firing 


"| ‘ 
the method of preparation of the new ceramic 
oatine material is not appreciably different from 
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the methods used for ordinary porcelain enamel 
ground coat. The frit and other mill batch 
materials listed in table 3 are introduced into the 
ball mill and ground to a fineness that will give 
the desired texture. This will usually require 
grinding until approximately 1 percent of the 
weight of the frit will be retained on a No. 200 
sieve.® 

Before removing the slip * from the mills, an 
additional 20 lb of water per 100 lb of frit is 
added, and the mills are then revolved for a few 
minutes to mix the added water. Final adjust- 
ment of the consistency of the slip is made by 
adding a solution of either citric acid or sodium 
pyrophosphate and by adding or drawing off water 
as needed. The recommended specific gravity is 
1.60 to 1.62 for all three slips (table 3), although 
there is no objection to a somewhat higher or lower 
specific gravity if the dipping weight falls within 
the desired limits. The dipping weight for first 
coats is 0.42 to 0.49 oz (12 to 14 g) of dry enamel 
per square foot of surface. For second coats it 
is 0.28 to 0.35 oz (8 to 10 g) per square foot. 

Because of the fine grinding (ordinary ground- 
coat enamels are frequently ground to 6 to 8 
percent retained a No. 200 sieve), longer milling 
periods are necessary. Experience has indicated 
that this milling time is increased approximately 
50 percent over that needed for conventional 
ground Coats. 

The coatings may be applied to suitable shapes 
by spraying, but exhaust stacks and similar items 
having interior surfaces that require coating, must 
be dipped. The thickness of the fired coating for 
one-coat applications should be 0.002 in. to 0.003 
in., the intermediate value of 0.0025 in. being 
sought. Thickness greater than 0.003 in. may 
be used, but heavier applications reduce thermal- 
shock resistance and also are more likely to cause 
such defects as blistering or spontaneous chipping. 

The firing temperature for the coatings on 
ordinary steels is 1,550° to 1,600° F. The time 
of firing varies with the gage of the steel, the size 


* Fineness of grinding influences the surface characteristics of the finish 
produced with the N BS ceramic coatings. When milled so that 2or 3 percent 
of the frit is retained on a No. 200 sieve, a rough, full-mat surface results 
With finer grinding (0.5 to 1.0 percent retained on a No. 200 sieve) the surface 
becomes smooth and satinlike. Extremely fine grinding of coating A-/9, 
so that only a trace of material remains on a No. 325 sieve, produces a full 
gloss finish. A coating prepared in this way may be applied in very thin 
applications and has been designated as A-19/ 

* A slip is defined as the finely ground, creamy water suspension resulting 
from grinding the mill batch. 
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and shape of the piece, and the furnace used. 
For small sample shapes made of 18-gage steel, 
the proper firing time is 4 to 5 minutes. 


V. Service Tests 


In the laboratory tests described in section III, 
wide variations were found in the resistance of the 
different coatings to the respective treatments. 
Whether these coatings would perform 
similarly when applied to exhaust parts was not 
known and could be determined only by applying 
the various coatings to steel exhaust systems and 


same 


making tests under the conditions of temperature 
and thermal gradients that exist during engine 
operation. 

By early 1943, a number of exhaust parts had 
been coated and service tests were under way. 
By the time the testing program was terminated, 
a considerable number of sets of exhaust stacks, 
coated at the National Bureau of Standards, using 
both conventional enamels and the new ceramic 
coatings, had been tested by the Philadelphia 
Naval Air Experiment Station and the Norfolk 
Naval Air Station (both at the direction of the 
Navy Department Bureau of Aeronautics), the 
Army Air Technical Service Command at Wright 
Field, the Bell Aircraft Corp., and the Glenn L. 
Martin Co. 

Collector-ty pe exhaust systems also were coated. 
These were tested by the Army Ordnance Tank 
Automotive Center, the Navy Department Bureau 
of Aeronautics, the Aeronca Aircraft Corp., and 
the Grumman Aircraft Engineering Corp. 


1. Exhaust Stacks 


One of the first 
tested is illustrated in figure 7. This shows the 
condition of the stacks after 178 hrs of block-test 


sets of exhaust stacks to be 


Ficure 7.—Four coated steel exhaust stacks after 178 hours of block-test operation on a 1,350-hp radial moior a 
Air Experiment Station, Philadelphia, Pa. 


operation on a 1,350-hp XR-1820 
radial motor. Coating A-3/ shows no « ‘fect frop 
the treatment, whereas the (-9, C-1. and (4 
coatings show the same type of defects noted 
earlier in the laboratory tests. The relative de 
gree of damage follows the order that would }y 
predicted from the flame-impingement and ther. 
mal-shock tests. 


Wrighy 


Two types of defects are present on the damage 
stacks. One is a series of cracks following , 
design apparently corresponding to the  straiy 
lines caused by temperature gradients. The other 
defect. consists of the formation of blisters of tly 
type known in the enamel industry as “reboil, 
These eventually broke, leaving exposed met, 
beneath. Such blisters have a tendency to segre. 
gate along the cracks formed by thermal strains 
whereas in other areas where no cracks are formed 
they are scattered and show no definite patter 
These distributions correspond to those found }) 
laboratory tests on flat specimens, as illustrated i 
figure 3. 

Figure 8 shows two Glenn L. Martin No. 27930; 
stacks after 300 flying hours on a PBM-3D patrol 
bomber operating out of Norfolk, Va. The A-3/ 
stack (on the left), which has an average coating 
thickness of 0.004 in., is not visibly affected by 
this treatment. The stack on the right, coated 
with C-/ in an average thickness of 0.0035 i 
shows numerous broken blisters and cracks wit! 
serious rusting taking place at the discontinuities 
in the coating. The other service tests made o 
coated steel exhaust systems also, without ex- 
ception, showed the newly developed coatings | 
be superior to the conventional glossy types. | 
no case did the A-/9 or A-3/ coating show citi 
cracks or reboiling. 


C-| C-8 


he Na 


Coating A-3/ is one of the heat-resisting compositions developed at the National Bureau of Standards; C-9, C-1, and C-8 are three 


coatings submitted for test 
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Coated steel exhausi stacks lesied simulianeously 


PBM-38D 


hcvre 8 


300 flying hours on a patrol bomber at 


olk Naval Air Base. 


s protected with the NBS ceramic coating A-3/ and is un 
eas the stack on 


ws seattered broken blisters, serious rusting taking place at 


right, which is coated with commercial 


g breacs in the coating 


Some cracking of the metal was observed in 
rvice tests of stacks, especially those sharply 
irved near the inlets, and it was noted that steel 
ving carbon contents in the range 0.10 to 0.25 
reent were more resistant to such failure than 


as ingot iron. This observation was in agree- 


hent with the results of laboratory tests on 
nbrittlement, given in table 9. 

NBS coatings A-19 and A-31 gave adequate 
otection to the steel, but because A-—/9 is a one- 
at application, whereas A—3/ requires two coats, 
we A-19 recommended for exhaust-stack 
Where temperatures 


somewhat 


was 


metal near 


pplications 
250° F or above are encountered, 

ecommended in preference to A-/9, but 
igth properties of low-carbon steels are so 


s temperature range that the number of 
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possible applications is limited. With special 
steels having better high-temperature strength, 
higher operating temperatures of coated stacks 


might be possible. 


2. Exhaust Collector Systems 


Tests made on collector parts for aircraft motors 
gave results similar to those obtained on stacks. 
The A-19 and A-3/ types again merited superior 
ratings when they were tested in direct comparison 
with the conventional glossy coatings. 

Figure 9 shows sections from two of a series of 
coated collector rings tested under the supervision 
of the Tank Automotive Center of the Detroit 
Ordnance District of the Army Service Forces. 
These parts were tested on a 9-cylinder 450-hp 
Continental Motor of the type used on the M—4 
tank. The part on the left was coated with A-31 
and had been on the motor for 120 hr of dyna- 
mometer operation. The other coating, which 
was one of the poorest tested, was a proprietary 
product of the glossy type applied by the manu- 
facturer and had been under test for 13.5 hr, or 
only about one-tenth as long as the part coated 
with A-3/. Except for a yellowish-brown deposit 
that accumulated during test, and which could be 


steel collecior 


9-cylinder 


Fiaure 9 Seciions of coated rings afler 


operation on a 450-hp, Continental motor 


unde rgoing dynamomeler fesis. 


The part on the right, w hich was protected with one of the poorest conven 
tional ename! coatings, has undergone 13.5 hr of test and shows pronounced 
chipping and cracking of the coating. The part on the left is protected with 
NBS ceramic coating A und has undergone 120 hr of testing without 
cracking or reboiling. The area within the circle was cleaned of grease and 


other external deposits, showing the undamaged coating beneath 
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readily removed by scouring “ there was no visible 
evidence of change in the A-3/ coating. The 
glossy coating, on the other hand, shows serious 
cracking and chipping along certain strain lines 
with exposed metal appearing at the base of the 
damaged areas. 

Proving-ground tests were made on 10 collector 
rings installed in tanks. One of these collector 
rings was coated with A-/9 at the National Bureau 
of Standards, and the others were coated by seven 
enamel-frit manufacturers to whom the uncoated 
collector rings had been submitted by the Tank 
Automotive Center for application of coatings 
recommended by these manufacturers. After 
about 2,500 miles of operation on M—4 tanks only 
the A-19 coating received an excellent rating. 
The other coatings, without exception, showed 
damage, most of which consisted of thermal cracks 
and blisters. 

Tests on other exhaust 
showed the newly developed coatings to be supe- 
rior. One finding in this part of the work was that 
the high-temperature strength of low-carbon steel 
is not sufficiently good to make the use of such 
steel feasible for the large collector rings on the 
more powerful motors, such as the 2,000-hp 
Wright radial motor. Two collector rings were 
coated for trial in this type of installation and 
failed in only a few hours of operation. These 
collectors operate above a red heat, and the low- 
carbon steel apparently does not have sufficient 
strength to withstand this service, and the coating 
does not add materially to this strength. 


collector parts also 


VI. Specifications for High-Temperature 
Coatings 


The performance of the high-temperature ce- 
ramic coatings in both laboratory and service tests 
led to the preparation of appropriate specifications. 
These were issued as Army-Navy Aeronautical 
Specification AN-—C-133 and as tentative speci- 
fication AXS 1449 of the Army Ordnance Depart- 
ment. The principal requirements as written into 
these specifications are as follows: 

(a) Thermal-Shock  Resistance-—The coating 
must withstand five quenches from a temperature 

© Chemical analysis of the deposit revealed that lead was the principal 


constituent, comprising 72 percent of the inside and 44 percent of the outside 


deposit. The source of this lead must have been from the leaded fuel, leaky 
connectors being responsible for its presence on the outside surface of the 
collector ring. No carbon or iron was detected in either the inside or outside 


deposit 
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of 1,200° F without visible damage, 
supplied continuously to the unders 
quenched area. This test is perform, 
coated, 18-gage tubes 6 in. long and 2% j 
diameter, or on a section of exhaust | ibing. 
modified Meeker-type burner with a 90-degry 
elbow fitted onto the burner end is inserted jny 
the test cylinder. The flame is lighted, and ¢) 
burner is adjusted so that the temperature of th 
test area (as measured by a base-metal therm, 
couple with each wire welded separately to ti 
outside of the steel tube) will pass through th 
temperature zone 1,185° to 1,215° F in 30 seconds 
The flame is then extinguished and _ relighted 
When the temperature again reaches 1,200° F. 9; 
ml of water at 70°+ 10° F is allowed to flow freely 
from the unconstricted large end of a 25-ml pipet: 
onto the heated area of the cylinder between t) 
thermocouple welds. This treatment quickly 
cools the affected area to a temperature below 
212° F, as can be seen from the fact that befor 
all of the water has left the pipette the surfac 
of the specimen sustains a film of water instead 
of instantly vaporizing it as at the beginning of 
the quenching treatment. When the temperatur 
again reaches 1,200° F, the quench is repeated 
until a total of five cycles has been accumulated 

(b) Oxidation Resistance.—The protection of th 
metal against oxidation must be such that a 2‘-i 
by 3-in. coated specimen of 18-gage enameling 
iron shall not gain in weight more than 0.03 ¢ 
during 48 hr of heating at 1,200° F. 

(c) Thickness of Coating.—The 
coating must be not less than 0.002 in. nor great 
than 0.003 in. on principal areas nor greater thal 
0.006 in. at beads, 


at bein 


thickness 


VII. Production of Coated Exhaust Parts 


Commercial production of low-carbon-steel ¢*- 
haust stacks with NBS ceramic coating A-/9 wa 
started in 1944. By the end of the war, thre 
enameling companies had applied the coating | 
aircraft exhaust stacks in substantial quantities 
As the shortage of stainless steel never became » 
acute as to restrict its use in aircraft, the A-! 
coating on low-carbon steel was used throu! 
preference rather than through an_ enforce 
substitution. 

Another application of the A-19 coating th 
reached the production stage before the end of th 
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ar was (le coating of tail pipes for the exhaust 
vstems o! the amphibious truck, or “DUC”. One 
“ction of this pipe was 9 ft long by 1%-in. in inside 
jiameter, With S-shaped curves at each end. Two 
ther sections were approximately 3 ft and 2 ft 
ng, respectively, with 2%-in. inside diameters. 
: is considered significant that the coating could 
ye applied satisfactorily to such complex shapes. 
hese pipes were originally fabricated of uncoated 
we-earbon steel and failed rapidly in service, 
hrough corrosion. Not only high operating tem- 
wratures, but also proximity to, and contact 
ith. ocean water contributed to the corrosion. 
Fests showed that coating A-19 provided satis- 
actory protection. 


VIII. Potential Uses of Coatings 


In addition to the use of the new coatings for 
he protection of low-carbon steel in various mili- 
ary exhaust systems, there are a number of other 
wssible applications where the new coatings, or 
nodifieations thereof, might be beneficial in pro- 
onging the life of steel parts that are subjected 
» relatively severe temperature conditions. A 
ist of such potential applications would include 
he following: (1) Domestic stove parts, such as 
rates or burners, (2) industrial furnace parts, 
uch as muffles, dampers, or burners, (3) parts for 
wat interchangers, (4) heat baffles for continuous 
nameling furnaces, (5) annealing boxes, and (6) 
nufflers and tail pipes for buses, trucks, and 
sutomobiles. 


IX. Summary 


A new type of ceramic coating for the protec- 
ion of mild steels in high-temperature service 
vas developed during the war at the National 
Bureau of Standards, and was used by the Army 
nd Navy on the exhaust systems of certain air- 
raft and other vehicles. Laboratory and service 
ests have shown these new coatings to be superior 
® conventional porcelain enamels for high-tem- 
erature service. The outstanding features of the 
oatings are (a) high resistance to chipping under 
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repeated severe thermal shock, (b) protection of 
the metal against oxidation during prolonged 
exposure in air at temperatures up to about 
1,250° F, (c) freedom from the cracking and 
blistering produced in conventional porcelain 
enamels under comparable conditions of high 
temperatures and severe thermal gradients, and 
(d) a mat surface that does not show highlights 
and, therefore, decreases the visibility. 

To prepare these coatings, a mixture of a 
special grade of calcined aluminum oxide and a 
conventional type of ground-coat frit is ground 
with water to appropriate fineness and is then 
applied to the metal, dried, and fired according to 
well-known methods. The may be 
used on low-carbon steel in an unprecedently thin 
application of only 0.002 to 0.003 in. 

Specifications were issued by the armed serv- 


coatings 


ices, and the coating was used in regular produc- 
tion during the war on a number of exhaust parts 
by both the Army and Navy. 

Modifications of these ceramic coatings are 
possible and may find a use for lower tempera- 
ture applications. 


The development of the new type of coating 
through the stages of laboratory study, service 
tests, and regular production was made possible 
by the cooperation of several agencies. The 
Navy Bureau of Aeronautics, Army Air Forces, 
and, Army Ordnance Department participated in 
the service testing of the new coatings in parallel 
with conventional types submitted by manufac- 
turers. Several of the manufacturers and the 
Porcelain Enamel Institute were instrumental in 
promoting the use of porcelain enameled exhaust 
systems and participated in arrangements for 
some of the comparative tests, especially by the 
Tank Automotive Center. In addition, a num- 
ber of aircraft companies cooperated by making 
extensive tests of the new NBS coatings in direct 
comparison with conventional porcelain enamels. 


WasHincton, November 4, 1946. 
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Electrical Characteristics of Quartz-Crystal Units 
and Their Measurement 


By William D. George, Myron C. Selby, and Reuben Scolnik 


The problem of measuring the dynamic electrical characteristics of high frequency 
quartz-crystal units was investigated by using ordinary laboratory instruments such as r-f 


bridges and Q meters. 
tive merits and limitations. 
to +5 percent or better. 


Measurement methods and technics are given, together with rela- 
Antiresonance impedance up to 5,000,000 ohms was measured 
Data concerning constancy of electrical characteristics, secondary 


responses, and changes with amplitude of vibration and temperature are given for a large 


number of 8.7 Mec BT-cut erystal units having representative types of mountings. 
obtained on a few 50- and 100-ke units are also included. 


Results 
A convenient type of graphical 


representation of electrical characteristics of normal crystal units is suggested. 


I. Introduction 


wing the past few years, emergency demands 
juartz-erystal units were enormous. Many 
methods of production, measurement, and 
were intensively studied and used. Precise 
urement of the characteristics of each crystal 
was made; however, data concerning the 
mie electric impedance were mostly sup- 
| in an arbitrary manner [1, 2].! 
problem of measuring a crystal unit as 
e., Without the use of a particular type of 
lator, was presented by the Army Signal 
ps to the Bureau and several other laborator- 
The results given in this paper supplement 
¢ obtained by others [3, 4] and lead to more 
t methods of rating performance and of 
ifving, measuring, and standardizing those 
imeters likely to be most useful to the radio 
electronics engineer. 
quartz-crystal unit may be precisely speci- 
and measured apart from any external speci- 
swith which it is used. This has been proved 
various Occasions in print and in discussion 
7|. This paper reviews ways of expressing 
equivalent electric circuit and describes 
methods and technics by which 
may determine the electrical characteristics 
ierystal unit over a wide range of frequency 


surement 


ickets indicate the literature references at the end of this 


asurements on Quartz Crystals 


and impedance, with such commonly used equip- 
ment as r-f bridges and Q-meters; it shows how 
one may present the performance characteristics 
in a simple way to assist in differentiating between 
a normal unit and one remaining constant only 
under a limited set of conditions. 

The “activity” of a crystal unit is sometimes 
defined in terms of both grid current and speed 
with which oscillations start and stop when a 
test oscillator is keyed. Certain applications of 
crystal units require data concerning electrical, 
mechanical, and thermal transients. Such data, 
including overload or burnout-characteristics, are 
not dealt with in this paper. However, they 
may be associated with and supplement any de- 
sirable steady state index of performance. 

The measurement methods described were useful 
in exploring nearby or overlapping secondary 
responses and regions above and below the maxi- 
mum antiresonance frequency of the crystal unit. 
Constancy of electrical characteristics from day 


to day and changes with temperature and ampli- 
tude of vibration were investigated for a large 
number of 8.7-Mc, BT-cut units having repre- 


sentative types of mountings. Changes in the 
fundamental electrical equivalent characteristics 
were not observed in selected units at crystal 
currents up to about 100 ma. Data concerning 
the foregoing are presented in graphical form. 
Results obtained on a few 50- and 100-ke units, 


having metal-film electrodes, are also given. 
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II. Equivalent Circuit Representing A 
Normal Mode of Vibration 


Piezoelectric crystals were introduced into the 
radio-frequency field to meet the need for a 
resonant circuit (either series or parallel) having 
constant parameters and low losses (high Q). 
A fundamental requirement in this application was 
therefore that the quartz-crystal unit be the elec- 
trical equivalent of a single resonant (or antires- 
onant) circuit. The unit that most nearly 
meets this requirement may be referred to as a 
normal crystal. Other units having interfering 
responses, or closely spaced multiple resonances, 
are apparently equivalent to electric-circuit meshes 
having a number of mutually coupled resonant 
circuits. These may be treated as complex 
crystals and should be dealt with separately. 

It should be pointed out, however, that this 
differentiation between “normal” and ‘“com- 
plex” crystal units applies to the major mode of 
vibration of a crystal unit and to the responses 
that may be immediately next to it. 

The equivalent circuit of a normal crystal is 
shown in figure 1,a. It has one resonant (/,) and 
one antiresonant (/,) frequency. The impedance 
across its terminals may well be illustrated by 
means of the susceptance and reactance diagrams 
shown in figure 1, ¢ and d._ R, is small compared 
with wh and can be neglected in these diagrams. 

The susceptance (B,,.) of the Z,, C, series 
branch is added to the susceptance (B,) of the 
shunt capacity (,. C, is the total shunt capacity 
across the crystal and is usually designated as (, 
when the external capacity is zero. The resultant 
B, is obtained in figure 1, ¢ as the resultant ter- 
mination reactance X, in figure 1,d. It is evident 
from the diagram that as C, is increased in value 
the slope of B, will increase and f, will approach 
f,. It is also apparent that X, is positive between 
f, and f,. The equivalent circuit at frequencies 
in this range is therefore as shown in figure 1, b, 
where R, is the resistive component, including the 
effect of the series resistance RA, and all other losses 
of the unit. When such a circuit is tuned to anti- 
resonance with an external capacitor, the termina- 
tion impedance is resistive and is equal to 


X,’ 


R,=Q.X, R. 


(1) 








SUSCEP TANCE, (8) 
io 





basis 


a\) here 


imila: 
nts J 
lion 
show! 
lows: 


Figure 1.—Electrical equivalents of quartz-crysta 


a. Equivalent circuit of quartz-crystal unit; 6, effective impx 
quartz-crystal unit between /, and /,; c, susceptance diagram 
unit; d, reactance diagram of a crystal unit. 


R, in some literature is referred to as th 
formance index (PJ). The equivalent tern 
tion impedance of the equivalent circuit of fg 


1 may also be expressed in terms of the | 
shunt-capacity and the series resistance / 
follows: At any antiresonant frequency, /,, \W! 
f, > f,) the termination impedance is for practy 
purposes equal to that of a tapped antires 
circuit and is resistive, namely, 


where 
: 1 ' heref« 
22= QO = Biiwl)* 


Q, is the Q of the antiresonant circuit 
C.=(C,C0)/(CA,+C,). 


1 X;? 


R,* 3C3R. = R 
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(3) 


> may be plotted versus C, as an independent 
ameter in the form of a straight line having a 
ative 2 to 1 slope as shown in figure 4. This 


ows from eq 2 as 


. ce l Poe 0 
log R, =log ( wR, 7) log wR, ~ log C.. 


is assumed to be a constant, and the per- 
tage change in w with C, is assumed to be 
ligible. These assumptions are justified on 
basis of experimental evidence, as is shown 


where Hence 


log R, = K—2 log C,. (4) 


imilarly, the antiresonant frequency incre- 
nts (f,—f,) may be placed as a straight-line 
tion of C, having a negative 45 degree slope, 
shown in figure 4. This may be shown as 
lows: 

The resonance frequency is given by the relation 


be fig. 1, a) 


I . 
LC, 


ye antiresonance frequency is determined from 
» interrelation 


herefore, 


0, 
or practical purposes, (fe -f,)=2f, Hence 


2(f,—f, 


iat a 
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(fo m Sd ) & . 


KC 


1 
log (f.—f,) =log ( aff 1) log C;. (12) 


As f, and C, remain constant, 


log (f.—f,)=K—log C,, (13) 


and the function of log (f,—/,) versus log C, has 
a negative slope of 45 degrees. 


Measurement results shown later (section IV) 
demonstrate how closely the straight lines and 
slopes were reproduced. The advantage of this 
method of presentation will also be apparent 
when the resulting curves are studied. A depar- 
ture from either a straight line or from the proper 
slope usually indicated abnormally high series 
resistance or the proximity of an 
closely coupled mode of vibration. 


interfering 
Other infor- 
mation conveyed in this manner will be discussed 
later. 


III. Measurement Methods 


1. Parameters Involved 


The following parameters were investigated in 
these measurements: 


internal capacity of a crystal unit with the 
crystal inactive. 

(% I AC, 
the equivalent series resonant circuit of a 


total effective capacity shunting 


crystal unit as shown in figure 1, a. 

an increment of (C, 

equivalent series (motional) capacity as 
shown in figure 1, a 

series resonance frequency of the crystal unit 

parallel resonance (antiresonance) frequency 
of the crystal-unit at any C;,. 

ta—S, 

equivalent series inductance as shown in 
figure 1, a 

series resistance of the crystal as shown in 
figure 1, a 

equivalent antiresonance impedance (non- 
reactive) of the crystal unit corresponding 
to different values of C;,. 

equivalent series resistance of a crystal unit 
at any frequency, as shown in figure 1, b 


311 





resistance shunting the quartz crystal (equiv- 
alent to holder losses) 


R, 
2rfL, l 
R, 2xfC,R, 
nominal frequency of the crystal unit. 
This is usually referred to as the “Q” of 
the crystal. 
the equivalent series (positive or negative) 
(1/2xfC,). 


the effective “Q” of the crystal unit 


by definition, where f is the 


reactance of the crystal. X, 


Some useful expressions of parameters in terms 
of the directly measurable quantities are derived 


as follows: 


From eq 11 above, 
ys 2AfC, 
Cc"; =— (14) 
a * 


Substituting this value into the defined expres- 
sion of @, and noting that Af</,; i. e., that any 
frequency between /, and f, can be used for this 
expression. 


(HS: gent amma aS: : 
Ge Bf) 2CR, ae, (15) 


Measurements of /, to determine Af are usually 
made at C,=C), then 


l 
=F AGR, 
At resonance 
l 


= (af) °C, (17) 


L 


Equations | and 2 express R, in terms of C,and_X,,. 
The effect of holder losses reduces R, values to 


a 
=P +R, 


2. Q-Meter Measurements 


(18) 


It is noted above that the equivalent circuit of 
a crystal unit is a reactance X, in series with a 
resistance R, at all frequencies between f, and f,. 
Numerous papers have shown the significance of 
these parameters in oscillators and filters. These 
parameters may be measured with laboratory in- 
struments of which the Q-meter, twin-7, and 
impedance bridge were used here. These will be 
briefly analyzed. 
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The well-known Q-meter principle makes ys, 
an antiresonant circuit arrangement, a- 
the table of figure 3. 

Le, Cg is tuned for antiresonance at the » 
quency at which X,, R, is to be measured. 1 
crystal unit is then connected across (, It 
evident that Cg has to be readjusted by 4¢. , 
restore the antiresonance at the Q-meter tan} " 
that in general 


showy 


X=, 
w(AC'g) 

At f, of the crystal unit corresponding to (,~/ 
AC, will be zero; for lower and higher valyes 
fa, ASCg will be correspondingly positive » 
negative. 

The voltage across the antiresonance tank 
measure of the Q of the circuit. Connecting } 
crystal unit across the tank reduces the origy 
@ as a result of the shunt effect of R,. From : 
two values of Y, R, can be computed from 


1.59> 10( 620 Q) 


ae 


where 
Ca=the capacity, in micromicrofarads, requ 
to tune the @-meter tank without 
crystal unit at the crystal frequency 
Ca.=the capacity, in micromicrofarads, requir 
to tune the Q-meter tank with erystal » oa 
in parallel with it 
Q, =the original Q of the tank 
Q.=the reduced Q of the tank 

{=the nominal frequency in ke/s of the erys 

unit. 

The equivalent antiresonant impedance (no 
reactive), R,, of the crystal unit (PI) [6, 7] is @ 
impedance of the crystal unit at a given frequen 
between /, and f, with the proper capacity cu 
nected in parallel with it. 

The equations below state the values of £, a 
R, directly in terms of the ©’s observed. 


STANDA 


_ 1.59 X10°@,Q: 
P $€a,(Qi—@2) 


(Vi—Q2)Co, FP 
R, —_ R, l aan 5p 


R 


where the terms are as stated for eq20. 
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For high R, values, corrections are made for 
der losses; the corrected R, value (from eq18) 
ould then be used in eq22. 

Measurements of R, values down to a few 
ousand ohms may be made with the @Q-meter 
-ysing the above formulas. It was found, how- 
er. that a direct substitution method of using 
f resistors eliminated time-consuming computa- 
ins, without sacrificing accuracy. 

A number of epils (from 0.5 to 10 wh for the 8.7 
« ynits) were tuned to the desired frequency, 
.d their effective Q’s were calibrated against r-f 
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Fieure 2. 
The values of the latter 
ere checked from time to time with a d-c resist- 
nee bridge. These resistors were of the metal- 
zed-filament type enclosed in an isolantite body. 
he discrepancy between the d-c and r-f values of 
hese resistances and the degree with which the 
-meter values can be read and reproduced largely 
etermine the accuracy of these Q-meter measure- 
Conservative estimates of the over-all 
ceuracy are tabulated in figure 3. The induct- 
nee and the Q of an individual coil determine its 
esistance range for greatest accuracy; this is 
eadily apparent when calibration curves of 
are plotted against Q) on semilog paper with 
ance on the logarithmic coordinate. 


resistance 


‘SISLOrs 


lents 
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Figure 2 shows a block diagram of the equip- 
ment. For low voltages (across the crystal units) 
a commercial ©-meter was used. Stable-fre- 
quency r-f voltage was applied directly to the 
0.04 ohm resistance element in the (-meter tank 
with the internal oscillator disconnected. This 
was done by leaving the Q-meter band switch in 
an intermediate position. 

Some of the precautions observed while using 
the Q-meter are mentioned. Calibration curves 
were made with the external source, and the 
resistors and crystal units were connected across 





“Q2METER 
IMPEDANCE - 
MEASURING 
CIRCUIT, 
(5,000 ohms to 


Line 5,000,000 ohms) 








TWIN-T 


IMPEDANCE- 
MEASURING 
CIRCUIT, 
(1000 ohms to 
18000 ohms) 

















RECEIVER 








R-F BRIDGE, 





> 


(O-!1000 ohms) 











Block diagram of the apparatus used in measuring the ele clrical characteristics of the quartz-crystal unils. 


the Q-meter tank with shortest leads practicable. 
Care was taken to eliminate all direct pick-up 
in the coils. Plug-in arrangements were such 
that no additional losses were introduced across 
the crystal units. 
as a result of Q-meter limitations were often 
checked. Among these was the effect of the 
“Q” level on values of Cy usually measured with 
the Q-meter (using the internal oscillator at a fre- 
quency considerably below the nominal crystal 
frequency). The current level in the 0.04-ohm 
resistor was maintained constant for a given zero 
setting of the “Q’’-indicator. Values of external 
capacitors used as AC, were measured at the 
nominal frequency of the crystal units. 


Inaccuracies in measurements 
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The resonance and antiresonance frequencies 
(f, and f,) were most readily determined with the 
Q-meter. An unshielded coil was resonated in the 


(Q-meter at a frequency near that of the crystal 


unit. The erystal unit was short-circuited and 
placed near the low voltage end of the coil. 
When the Q-meter frequency was then varied, a 
sharp dip appeared on the Q-indicator at that 
frequency equal to the f, of the crystal unit. As 
the value of f, is affeeted by any inductance or 
capacitance connected in the short-cireuiting 
path, precautions were taken to minimize this in 
precise measurements. 
Measurements of f,, (when C, 
with the erystal unit connected in parallel with the 
Q-meter coil. The coil was first resonated at the 
nominal crystal-unit frequency. After the inser- 
tion of the crystal unit, the frequency was varied 
until the Q-indicator rose to a maximum. With 
again removed, the coil was 


C,), were made 


the crystal unit 
resonated at eonstant frequency by adjusting the 
variable capacitor (Cg) of the Q-meter. Once 
again the crystal unit was placed in the circuit and 
the frequency adjusted to a maximum Q indication. 
These adjustments were repeated until a constant, 
frequency value (f,) was obtained. At this point 
C’ =. 

To measure f, when C, is not equal to (5, the 
(J-meter capacitance was changed from the C,=(C) 
setting by the required AC, and the frequency was 
varied to a new /,, as indicated by the peaking of 
the Q-indicator. It is evident that the sharpness 
of the f, and f, indications depends upon the L/C 
ratio of the Q-meter tank. 

Measurements of FR, values corresponding to 
given frequencies within a response were made by 
using the substitution method. For highest pre- 
cision, a final adjustment of Cg to a maximum @Q 
indication was made at constant frequency. 
Measured Q values were converted into corre- 
sponding /??, values from the 2, versus @, calibra- 
tion curves. 2, was computed from C, and R,, 
for 2, values low enough to be unaffected by holder 
losses. 

Values of R, at voltages closely approaching 
those applied to the crystal unit in a Miller- (or 
Pierce-) type oscillator were determined with the 
specially constructed circuit shown in figure 3. 
This circuit was similar to that of the Q-meter, 
except that the voltage was injected into the L—C 
tank by link-coupling the output of an auxiliary 
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tank jy 


VAS agaiy 


amplifier into a very small section of | 
ductance. The substitution method 

used. The current- and Q-indicators of the regyly 
(-meter were replaced by thern: 
elements with potentiometer-indicators. (jp. 
care had to be observed in these measurements » 


sensitiv: 


\ 


avoid the frequency response shift, as the temper 
ture of the crystal unit varied with the high ey. 
rent through it. The procedure was modified , 
enable presetting the voltage values. desir, 
Since, as is shown below, there was no apparey 
difference in the F, values at high and low yo) 
ages, there seems to be no need of measuring ery 
tal parameters at high voltages. 
is therefore not elaborated upon. 

The Q-meter was used for measurements of ? 
The crystal units were connects 


The procedy 


values directly. 
in series with the tank coil for low values of 2 
(up to 10 ohms) and in parallel with the tank f 
values higher than 1,000 ohms. It was found 
however, that an r-f impedance bridge was mop 
suitable for measurement of PR, values from | | 
1,000 ohms. This is described later in grea 
detail. 

It should be mentioned here that when a erysta 
unit is connected across a tank tuned appro 
mately to the crystal frequency there are prese 
two antiresonance peaks of the circuit impedance 
[5]. As the lower peak is not governed by th 
frequency response of the crystal unit, and as i 
appears at a separation many times the width o 
Af, it does not affect the method of measurement! 


3. Twin-T Circuit and Impedance Bridge 


A twin-7 admittance measuring circuit wa 
used for R, values of 1,000 to 10,000 ohms. 4 
this is an admittance measuring device, individua 
resistance values were computed from the resul 
obtained and were occasionally checked agaist 
measurements of carbon-film resistors. Care was 
taken that increments of C, applied across (! 
varying the intemal 
by connectilig 


crystal units (either by 
capacity of the instrument or 
external condensers across them) were known \ 
the greatest accuracy at the operating frequen 
The fundamental circuit is similar to that of the 
(-meter and the over-all accuracies were the same 
as with the Q-meter. 

It is possible to measure XY, and R, values 0! ' 
crystal unit directly with the twin-7. [lowever 
the relatively limited range of the measurable 
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+ corresponding R, values renders the instrument 
seful only in double-checking a few points 
btainable with the @Q-meter, and its use yields 
ttle additional information. 
4 commercial r-f bridge was used to measure 
R. and X, values from 1,000 down to a few 
wns, and R, values down to 100 ohms. In 
ot. R, values as low as 10 ohms were actually 
ensured with the 8.7-Me crystal units. How- 
ver, the validity of the latter was questioned, 
The major requirement in the application of the 
vin-7 and impedance bridge was a stable fre- 
yeney souree, adjustable in small increments of 
bequency. With source and the usual 
recautions for proper shielding and grounding of 
measuring and detecting equipment, no dif- 
culties were encountered in following the normal 
A source of radio 


such a 


ridge operation procedures. 
requency having good waveform without fre- 
uency modulation was found essential for a sharp 
ull balance. 

The general procedure in measuring R, and R, 
ith the r-f bridge was to vary the frequency 
nd the resistance arms until a minimum deflec- 
ion on the null balance indicator was obtained. 
he value of R, was measured more rapidly by 
rst determining f, with the Q-meter, as explained 
bove. 

R, values were measured with external capac- 
ors connected in shunt with the crystal-unit 
rminals. R, and X, values were obtained at any 
requency by adjusting the resistance and react- 
nee arms for a null balance. 

It was found advisable to use the lowest input 
oltage to the bridge required for effective opera- 
ion of the detector. At low-input levels no 
ppreciable heat was generated inside the crystal. 
‘onsequently, frequency drift was minimized. 
then obtained between 
wrameters and frequency values within a given Af. 
The accuracy of the r-f bridge in all measure- 
ents is shown in figure 3. 


100d correlation was 


4. Secondary Responses 


The adjustable frequency range available at the 
ime to explore the spectrum for secondary (spuri- 
is) responses limited these measurements to the 
7-Me erystal units within a band of 8650 to 
892.5 ke/s. This range is in the process of being 
xtended for wider investigation in the future. 
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In locating and measuring secondary responses 
the Q-meter was singularly useful. The Q-meter 
tank was tuned to a frequency somewhat lower 
than the nominal frequency of the crystal unit. 
The frequency was then continuously increased, 
with the crystal connected across the tank. Volt- 
age dips were then observed at f, points and peaks 
at f, points in the frequency spectrum. Individual 
responses were closely explored by retuning the 
tank (with crystal unit removed) and repeating 
the sweep of frequency to determine more exactly 
the values of f, and f,. The process of retuning 
the tank and of readjusting the frequency was 
repeated until no differences in frequency values 
of f, or of f, were noticed. 

High-inductance tank coils were more effective 
in locating f, values; similarly, low-inductance coils 
were more effective in locating f, values. It was 
sufficient in most cases to use a coil of medium 
inductance to serve both purposes. For most accu- 
rate measurements of the frequencies and equiva- 
lent #, or R, values, different coils were used as 
conditions warranted. 

It was found convenient and enlightening to 
plot the relative position of the secondary re- 
sponses, as shown in figures 8 and 14. For prac- 
tical purposes it might be sufficient to interconnect 
the R, and R, values of each response with a 
straight line as the curvature involved is negligible 
relative to the frequency scale employed. This 
approximation may be justified analytically when 
considering the variation of R, within a single 
response, between f, and f,. Designating the total 
series reactance of the equivalent circuit of figure 
1, a, as 
l 


: 
Xi=ol,— Ta and Xo ~ aan 4y 


the termination impedance of the unit is 


(XR, + jlRe+Xi(Xi+Xo)] 


es mans 79 


R2+ (Xi +X)? | (23) 


Z=Xy 


then 


> (X{R? T [R,? T XX, T Xo)]?)* 


Z|\=X 


9 
R2+(X.4+.¥X0) (24) 


The equivalent series values of R, and X, are then 


XR, 
R?+ (X,+ Xo)? 


NXolRP +X (Xi + Xo)). 
RP +(X 4+ Xo)? 


R,= 


X= 





For practical purposes, at f, the reactive com- 
ponent of Z vanishes and X,+X,=0. Therefore, 


XR, _X,? 


R? ~R, 7" e 


Z.=R,= (27) 


where R, is the value of R, at f,. At f,, X;=0 and 


* 
VXe+Re 


[XZ RZ2+R,} 
R?2+X,? 

For values of X,>R,, 

Zi =R, 


Z| =Xo (28) 


0, and from eq. 25, 


X," 
R?+ X¢ 


Similarly, at f,, X; 


R, =R, 

It is therefore apparent that for responses hav- 
ing series-resistance values considerably lower than 
Xy, plotting FR, versus frequency, as shown in 
figures 8, 14, and 22, would closely represent a 
quantitative variation of a single parameter of a 
crystal unit within the limit of R, and R,. For 
responses having high series-resistance values, this 
presentation of a response is correct only at the 
R, and R, points. The intermediate points have 
qualitative significance only. It should be pointed 
out, however, that the R, and PR, values repre- 
senting the top and bottom points of each response 
are the actual measured values of these param- 
eters. The Q-meter was used to locate the re- 
sponse, and R, and R, values were then measured 
with Q-meter, twin-T, or r-f bridge, depending on 
the magnitude of the parameter. The _ initial 
balance of the bridge and of the twin-T circuit 
had to be made at the frequency and at the chosen 
voltage input value of the measurement performed 
atthe time. Not all the relatively small secondary 
responses (having ?, values above approximately 
1,000 ohms) behave alike. Some of these appear 
to have 2, values considerably lower than their 
Further study of their behavior will 

Their presence is therefore indicated 


R, values. 

be required. 
by a single point representing measured F, values. 
that the small 
with the Q-meter 


One may also assume 
barely detectable 


neglected. 
5. Notes on Methods and Equipment Employed 


The equipment shown in figure 2 was used for 
A standard fre- 


responses 


may be 


8.7-Me crystal measurements. 


318 


quency of 100 ke was fed into a frequen y myly. 
plier, the products of which were mixed with tly 
output of a continuously adjustable siable-fy. 
quency oscillator. The output of the mixer w» 
then amplified to the desired level. 

Frequency could be easily adjusted, measyp, 
and maintained to better than 5 parts in \y 
million over a period required to make any oy 
measurement. Regular frequency measuring 
equipment incorporating a radio receiver as , 
detector, a stable radio-frequency oscillator jy 
determine the beat frequency between the adjust. 
able oscillator and a harmonic of the standap 
source, and an oscilloscope were used throughow 
these measurements. <A second radio receiver was 
used as a null indicator with the twin-T and ;4 
bridge. 

Equipment employed in the measurements of 
the 50- and 100-ke crystals was essentially the sany 

Special circuits were developed and _ satisfy. 
torily used to measure independently and direct) 
the values of R, and f,. For convenient referen 
figure 3 outlines briefly the methods, accuracy, ai 
range of parameters measured. 


IV. Graphical Presentation and Results o 
Measurements 


1. Characteristics of Normal-Crystal Unit 


A crystal unit operating at a frequency respons 
with proper slopes of R, and f versus ¢ 
Figures 4 to 11 show 


Slopes ol 


’ is desig- 
nated as a normal crystal. 
characteristics of normal crystal units. 
2:1 and 1:1 were plotted for the straight-line see- 
tions in figures 4 to 7. The position of the points 
show the departure of measurement data from th: 
theoretical slopes. Curvatures at high FR, value 
were caused by holder losses, as evidenced by 
some of these characteristics measured with tly 
crystal removed from the holders or when place 
in low-loss holders. The very low R, region # 
these crystal units was not fully investigated 

The displacement of the R,-C, curve shown 
figure 5 indicates a drop in the R, values ove! 
entire range of C, This apparently resulted 
from an increased R, value because of an accumt- 
lation of additional dust particles on the crys 
plate when it was removed from the holder. | 
is seen, however, that a 2:1 slope is maintaine 
throughout the curve up to C,-C). 


+} 
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C, wut (CAPACITY Co, PLUS EXTERNAL PARALLELING CAPACITY) 


Fieurs 4 
Y-cut, metal-film electrodes, clamp-type mounting. 


Electrical characteristics of a 50-ke quariz bar 


Figure 6 shows these characteristics for two 
BT-cut 8.7-Me 
Curves of four other units of the same type were 
obtained, and, if plotted, would fall between these 
two sets of A wider variation of R, 
values is shown in figure 7, which represents three 
unplated and one plated pressure-mounted, BT- 
cut, 8.7-Me units. The 2, and frequency points 
of two of the unplated units fall within the curve 
A. The frequency curves of the unplated units 
deflect from a 45-degree slope as C, approaches C,. 
It is felt, however, that this may not constitute a 
real departure from the normal condition. Further 
investigation should answer this question. 

The frequency spectrum of one of the wire- 
mounted 8.7-Me units is shown in figure 8. It 
closely represents. the spectrum of every one of 


plated wire-supported units. 


curves. 


this group of six units, both in relative position 
and in the intensity of the responses. This spec- 
trum shows at a glance the relative freedom of 
the lowest frequency response from neighboring 
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interfering responses, and should be compared 
with the spectrum of an unplated unit shown in 
figure 14. 

It seems that two sets of curves similar to those 
shown in figures 6 and 8 may effectively demon- 
strate the electrical characteristics and behavior 
of a crystal unit. This might be more apparent 
when the curves are compared with those obtained 
for complex units shown later. 

It might seem, at first, as if a single point on 
the #,-f-C, curve through with the engineer could 
draw the appropriate 2:1 or 1:1 line would convey 
sufficient data for design purposes. However, the 
complete P,-f-C, curves are necessary to show the 
effect of holder losses, and the actual deviation of 
the slopes from normal (whatever the cause); 
while the frequency spectrum is required to show 


IMPEDANCE, A 


IMPEDANCE ( NONREACTIVE ),( Ro), OHMS 
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C,,muf (CAPACITY C,, PLUS EXTERNAL PARALLELING CAPACITY) 


Fiaure 5. 
crystal unit: GT-cut, metai-film electrodes, wire-mounted 


Electrical characteristics of a 100-ke quartz- 


crystal, and evacuated container. 
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possible operation of the crystal unit at more 
than one frequency. 

R, could be computed from eq2 for any value 
of R, and the corresponding C, on the straight 
portion of the curve; however, the value of C, 
would have to be measured or supplied by the 
manufacturer. In short, a set of curves, as shown 
in figures 6 and 8, supplies all the essential equiv- 
alent electrical characteristics of a crystal unit 
when either f, or f, at C, is also given. L, C, 
and Q, of the crystal unit can be determined from 
eqil, 14, 15, and 16 as (,, Af, and 2, are known. 
On the other hand, a set of erystal-unit data 
omitting any of these fundamental parameters 
(i. e., C,, Af, R,, and f, or f,) seems to be inade- 
quate in stating the relative merit of a quartz- 
crystal unit. It is here assumed that data on 
= :, 
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Cy, mul (CAPACITY Co, PLUS EXTERNAL PARALLELING CapatiTy) 


Figure 6.—Elecirical characteristics of two type CR-1 
crystal unils: BT-cut, metal-film electrodes, wire-mounted 
crystal, plastic container 
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Figure 7.— Electrical characteristics of four “normal 
Me crystal units (BT-cut). 


A, Represents two crystals having almost identical impedance: 
quency characteristics. Both are air-gap, pressure mounted: one 
the other an F'T-243 type; B, F T-243 crystal unit with metal-film elect 
and spring-clip mounting; C, F'T-243 crystal unit with air-gap elect 
ind pressure mounting 


parameter variations with temperature are always 
indispensable. 

Figure 9 shows the main (oscillator-controlling 
response (curve A) of an unpleted 8.7-Me w 
and the response (curve (’) adjacent to it, the tw 
having an f, separation of 2,990 cycles. Placing 
the same crystal in a polystyrene holder extend 
the straight portion of the 2, curves (B and / 
to values of C, beyond C,. These data were taken 
primarily in an attempt to separate holder loss 
from losses that might conceivably be coup! 
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rst response by the proximity of a second 
It may be seen that up to C;-—-C, the 
eparture of the R, curve below C, the sharpness 
f the peak of the R, curve as well as the high 
values of the adjacent response suggest little 


10 the fi 


mipling effect. 
Equivalent series resistance and reactance 
alues at frequencies above and below resonance 
re shown in figure 10 for one of the normal, 
lated, wire-mounted 8.7-Me units. The measure- 
sents were made with the r-f bridge, which 
mited the range to the values shown. These 
urves could be extended to higher positive values 
f Y, by the use of the Q-meter data and eql. 
o attempt was made at this time to measure 
bicher negative values of this parameter. 


It was of interest to compare the behavior of 
e parameters of a secondary and primary re- 
ponse of a normal crystal (with the two responses 


idely separated). The R, and frequency versus 
_ curves of a large secondary response of one of 
 wire-mounted units are shown in figure 11. 
A considerable departure from a 1:1 slope may be 
bbserved in the frequency curve, whereas the 
?, curve seems to have a normal slope. 
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Frequency-response spectrum of a metal-film 
wire-mounted crystal unit of the CR-1 type. 
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Figure 9.—Impedance measurements above and beiow 
antiresonance of the first two adjacent responses of an 
air-gap, pressure-mounted crystal unit of the FT-243 
type: 8.7 Mc, BT-cut. 

A, First response (lowest frequency), plastic container; B, first response: 
special low-loss polystyrene container; C, second response: plastic container; 

D, second tesponse: special low-loss polystyrene container 
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FREQUENCY, ABOVE OR BELOW RESONANCE (f,), Cvs 
Fiaure 10.— Electrical characteristics above and below series 
resonance of a crystal unit of the CR-1 type: BT-cut, 
8.?-Mc, metal-film electrodes, wire mounted. 





It was not intended at the time to study t 
causes of the instability, which, as may bp é 
alized, is a separate problem. Therefor | figure | 
is shown merely to demonstrate the relative } 
stability encountered and the minimum stabjjy, 
required for reliable measurements. | may }, 
noted that all the wire-mounted wnits y, 
equally stable, whereas approximately 10 perce; 
of the others were stable to the same degr 
Some of the units relatively stable with respect ; 
I, and R, had R, and f versus C, characterisi) 
deviating considerably in slope from the expects 
2:1 and 1:1 ratios. This is shown in figun 
It is seen here that for C, values between 7 
uuf and C,, the first response has higher R, valy 
than the second response. Above 75 yf t) 
R, values of the second response are higher 
Thus at a C, of approximately 75 uuf, this wi 
operating in an oscillator should jump frequene 


IMPE DANCE 


FREQUENCY, ©/s ABOVE RESONANCE 


IMPEDANCE ( NONREACTIVE ), (Rp), OHMS 


from one response to the next. This was actual! 
observed in a Miller-type oscillator at the statw 
(, value. It should be observed that with ¢! 
REGeRG crystal unit the envelopes (or tangents) of th 
; R, and frequency curves at the two resonan 
have practically normal slopes. It would, ther 
fore, be misleading to draw an R,-f-C, characte 
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istic from a few points. One must be careful no 
atl to associate an f/f, of one response with th 
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of another. 
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It is probable that the presence of an interferin 
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response would not show up in_ test-oscillato 
This particular abnormality 
was detected in other measurements; such as, 1 


Figure 11.— Electrical characteristics above and below anti- 


resonance of the second large respense of crystal unit circuits now in use. 


T 


described in figure 10. 


2. Characteristics of a Crystal Unit Having improper correlation cf /, versus P,, operation ¢ 


an oscillator at a response with a relatively high 


Interfering Responses 


The greatest difficulty encountered in this in- 
vestigation, as already mentioned, was to locate 
and to segregate groups of crystal units, the char- 
acteristics of which could be measured and the 
results reproduced at will to an accuracy of that 
of the measuring equipment. 


R,, and an unusually wide Af. The frequen 
spectrum of the crystal is probably the best ind 


cator of possible presence of interfering responses 


The spectrum of this particular unplated unit 
shown in figure 14 and should be compared wi 
figure 8. 
relative values of 2?,, 2,, and Af of all responses 


It demonstrates the proximity and tl 





The low-resistance end of the second respons 
was explored carefully. |! 


Stability of activity and of R, values was ob- 
served on approximately 100 unplated, on 25 Equivalent .X, and / 
values of the latter are plotted in figure 15 togete 
with similar curves of normally behaving eryst's 
Figure 15, a shows Ff, and X, of the first respons 
of this “complex” crystal and 15-B shows thes 
curves for the second response with a minim! 
R, at a frequency above f,. Figure 15, ¢ ané 
show the same characteristics of the maj’ 


plated pressure-mounted, and on six plated wire- 
mounted 8.7-Me crystal units. Daily measure- 
ments were made over a period of weeks. The 
most stable units were segregated successively 
by further observations in other equipment. For 
example, some units were rejected when instability 
of R, values was observed in the Q-meter. 
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“equeney one . 
{ue msecutive tests were made at approximately 24-hour intervals. A, an air-gap crystal unit which represented the stability of the majority of this 

actually ‘unit; B, an air-gap crystal unit which represented the minimum stability required for reliable measurements; C, an air-gap crystal unit which 

stremely unstable; D, a wire-mounted crystal unit with metal-film electrodes. This unit maintained superior stability; Z, another wire-mounted 
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Electrical characteristics of two interfering Ficure 14.—Frequency response spectrum of an air-gap, 

sponses of an air-gap, quartz-crystal unit. pressure mounted quartz-crystal unit, typical of those 
tested. 


rystas 


1, f-=8,607.870 ke/s; B, f-=8,700.395 ke’'s 
The large number of responses of this type of crystal unit may be com 
unum Wi pared with figure 8, which shows those of a wire-mounted crystal having 
- and metal-film electrodes. The position and magnitude of antiresonant im- 
pedance of the first two responses are indicative of the behavior shown in 
maj’ figure 13 and described in the text 


searclmeasurements on Quartz Crystals 323 


i—47 3 











§ 


$ 





a 
cy 
° 
° 


3 
8 


EQUIVALENT SERIES POSITIVE REACTANCE,(X ¢),OHMS 





5 





EQUIVALENT SERIES RESISTANCE , (Re) OHMS 
2. 5 
a 
3 


ca 





1 i 1 
200 400 600 800 1000 
FREQUENCY, %s ABOVE RESONANCE 








Figure 15 














a 





EQUIVALENT SERIES RESISTANCE (R.),OHMS 
EQUIVALENT SERIES POSITIVE REACTANCE,(X¢),OHMS 


ae 
s) 





FREQUENCY, %/s ABOVE RESONANCE 


-Electrical characteristics near series resonance of two responses of a complex crystal unil (tefl, and 


major responses of two “normal” crystal units (right). 


All crystals were 8.7 Me, BT-cut, air-gap, pressure mounted. 


C, major response: normal crystal unit; D, second response: normal crystal unit. 


responses of two normal crystals. The object in 
showing these is to demonstrate the practical 
means of exploring behavior of individual re- 
sponses, and not necessarily to indicate a manner 
of behavior of a complex response. As was 
pointed out, the study of this type of crystal 
should be handled as a separate problem, em- 


ploying methods of measurements described here. 


3. Correlation Between Characteristics and 
Performance 


(a) Effect of Amplitude of Vibration and of Temperature 


One of the major considerations in the field of 
quartz-crystal applications for some time has 
been the establishment of an index of performance 
to correlate the quality of a unit with its activity 
and stability in an oscillator, and with its effec- 
tiveness in wave-filter circuits. 

It has been shown in a number of publications 
[4, 6, 9] that the activity of an oscillator is a 
function of the equivalent dynamic resistance 
R, of the crystal unit. It was mentioned in the 
introduction that the higher the Q, of a crystal 
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A, Major response: complex crystal unit; B, second response: complex cryst 


Other characteristics of the complex unit are shown in figures 


unit, the higher its stability and effectiveness 
electric circuits. Therefore, both R, and Q, sea 
to be the parameters required to state the relati 
merits of a crystal unit. 

To verify the above relationship, activity anf 
R, measurements were performed on a number 
crystal units of varying degree of stability. 1! 
correlation curves are shown in figures 16, 17, au 
18. Figure 16 shows the correlation of /, ver 
R, of a number of relatively unstable cryst 
units. All efforts were made to measure 
immediately after an activity measurement 
prevent a change in characteristics as a result | 
handling the crystal unit. To further minin 
the differences, the activity was reduced by lower 
ing the oscillator plate voltage. 2, was measure 
with the Q-meter at low-voltage values. [' 
seen that there is a fairly good correlation betwe 
low and high activity crystals with respect 
R, values. Moreover, there is a good correlatie 
between variations in activity of individual crys 
tals and respective variations in their 2, value 
For example, crystal 11 had three values of activ! 
obtained at three different times, and three resp 
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Correlation between R, and I, of a number of 
§.?-Me crystal units: BT-cut, air-gap type. 


URE 16. 


Numbers 9, 15, ete , are 
5 and 8 are examples of poor stability 
], correlation is apperent 


crystal unit Was measured several times 


sof stable crystals. Numbers 


surements the R, 


All seem to fall well within the 
rve of the J,—R, function for all crystals, 
Figure 17 shows this correlation for 13 relatively 
ble units, with three values of AC, and R, 
asured at high voltage values (approximately 
se across the crystal terminals in a Miller- 
oscillator at normal plate voltage). There 
ms to be good correlation between J, and R, 
all instances. 


e R, values. 


The correlation between full and reduced 
ivity and R, values of five of the most stable 
its of the group of figure 17 is shown in figure 18. 
points were obtained with each unit, three at 
land three at reduced activity. Each of the 
ree points corresponds to a AC, value of 25, 40, 
70 wuf, respectively, in parallel with C,. All 
‘I, values were measured at low voltage values 
th the Q-meter. 
The effect of voltage level across the crystal on 
characteristics was checked in measuring R, at 
stal-current values from a fraction of a milli- 
ipere up to 100 milliamperes. No differences in 
is parameter were observed. Low-level versus 
rh-level R, curves are given in figure 19 for the 
re-supported units and in figure 20 for some of 
more stable pressure-mounted type. Here 
ain, the evidence indicates that the amplitude 
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Figure 17, 


Me, air-gap, pressure-mounted crystal units. 


of the crystal vibration does not affect its funda- 
mental electrical equivalent characteristics. It is 
believed that the scattering of some of the points in 
figure 20 were caused by instability of the crystal 
units and not by an actual difference between the 
R, values at the two levels. 

Figure 21 shows the temperature effect and 
correlation between series resistance (?,) and grid 
current in a Miller-type oscillator of two wire- 
mounted crystal units. Although for crystal A 
both J, and R, show some random variations 
about a fairly constant average value, for crystal B 
they have definite slopes of opposite sign. 

As I, is a function of PR, it is also a function of 
R, and of C, (see eq 2). Observations were there- 
fore made on the effect of temperature on (C). 
No detectable variations. were found. It may 
then be assumed that the J, variations were 
caused entirely by FP, changes. 
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Ficure 18.— Correlation between R, and I, at two different 
r-f voltages of five 8.7-Me crystal units selected for good 
stability 







The circles represent measurements at impedance and voltage values 
corresponding to normal operating conditions in a Miller-type oscillator 
The triangles represent values for approximately 10 percent of the above 
voltages Three AC+ values were used to obtain three corresponding R, 
values for each crystal unit 
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Ficure 19 
high and at low r-f voltages across the crystal. 


Correlation belween R, values measured at 


Five 8.7-Me crystal units (metal-film electrodes, wire mounted) were 
measured by using four different values of shunting capacitance (AC; 
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Fieure 20. 
high and at tow r-f voltages «cross the crystal /— 


Correlation beiween R, values meas 





Five 8.7-Me crystal-units (air-gap, pressure mounted) were mea 
using four different vaiues of shunting capacitance (AC; 


Variations of P, were measured with the crysfevre 2 
ea by 
film ele 


rature 


under test placed in a temperature-control 
cabinet and connected to the impedance bri 
through a half-wavelength coaxial cable. Cor 
tions were made for losses in the cable 
difficulties were encountered in the applicatio 
a coaxial cable to these measurements. 
Temperature effects on the relative positio 


ve res 
ate tl 
ponse 
crystal-unit responses and on their ?,, /?,, and Hhhits we 
values were measured as a preliminary step in| 
They are shown in fig 
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cure 22.—Effect of temperature on three relatively large, 
nearby responses of an 8.7-Mc crystal unit; BT cut, metal- 






film electrodes, wire mounted (high, low, and room tem- 






peratures 







ve responses only are shown merely to demon- 
rate the effectivenesss of the method. Other 
sponses of normal as well as of complex crystal 






its were under observation; the results are as 





t inconclusive and are not given here. 
Another graphical presentation of the effect of 





mperature on the quartz crystal unit is shown 
figure 23. 





In curve A, a relatively high crystal 
rrent resulted in a resonance frequency turning 







‘ 


int at an apparent ambient temperature of 3° C. 
tually, the high crystal current brought the 
closed erystal plate to a temperature of about 
C (the “normal” turning point), even though 
ambient indicating thermometer read 3° C. 
urve B shows the resultant shift in frequency 
ring point to an ambient temperature of 15° C 
the erystal assembly was removed from its 














closure and was thereby exposed to free venti- 
tion. In curve C, the crystal current was made 
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Figure 23. 
and frequency turning position at resonance of an 8.7-Mc 
crystal; BT cut, metal-film electrodes, wire mounted. 


Effect of operating conditions on temperature 


i, Crystal in plastic container, measured with relatively high crystal cur- 


rent; B, same as A, with crystal removed from container; C, crystal in 


plastic container, measured at resonance with relatively low crystal current 


negligible and a full 44° C ambient temperature 
was necessary to bring the crystal plate to its 
frequency turning-point temperature. 

Thus any predetermination of frequency turn- 
ing point with temperature by a manufacturer or 
a design engineer must take into consideration at 
least the approximate amplitude of oscillation 
expected of the quartz crystal unit. This is in 
keeping with the observation that the perform- 
ance index and Af versus C, curves used in design 
work should be accompanied by temperature data 
for a more complete expression of the character- 
istics of a quartz-crystal unit. 


V. Conclusion 


It was shown that comprehensive data on elec- 
trical characteristics of quartz-crystal units may 
be obtained with r-f bridges and (-meters and a 
source of adjustable stable c-w frequency. Im- 
pedance above and below the maximum anti- 
resonance frequency, up to 5,000,000 ohms, may 
be measured to +5 percent or better. 

Graphical presentation of measured character- 
istics as straight lines is a form believed to be par- 
ticularly suitable for design purposes as they sup- 
ply essential electrical characteristics. 

Results indicated that a good crystal unit was 
practically unaffected by the normally used volt- 
ages across the crystal unit, i. e., no changes with 
amplitude were observed on units whose series 
resistance was constant with temperature. 





















Electrical characteristics of interfering or over- 


lapping responses may be precisely measured by 
the methods described. Measuring circuits em- 
ploying the crystal under test as the frequency- 
controlling element could hardly serve the pur- 
pose. 

Measurements based on frequency presetting 
may lead to erroneous results because of shift of 
responses with crystal currents, affecting in turn 
the crystal temperature. 

The greatest difficulty in measuring electrical 
characteristics and establishing figures of merit of 
quartz-crystal units seemed to be the inability to 
reproduce results as a consequence of changes in 
the unit. This difficulty could apparently be en- 
tirely eliminated by superior types of mounting 
and construction. The crystal unit would then 
have good possibilities as reference standards of 
impedance as well as frequency. 

The investigations described were of great value 
in connection with the precision calibration of new 
types of crystal unit test sets. 
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Ionization and Dissociation of cis- and trans-2-Butene 
by Electron Impact’ 


By Vernon H. Dibeler 


A study has been made of the appearance potentials and relative abundance of a number 


of ions from the mass spectra of cis- and trans-2-butene. 
found to be in generally good agreement with spectroscopic data. 
2-butenes were compared with those of 1-butene and isobutene. 


to be the only ion showing a significant difference between the 2-butene isomers. 


The appearance potentials were 

The mass spectra of the 
The C,H;* ion was found 
This differ- 


ence approached a maximum with ionizing electrons of 40-volt energy and remained constant 


up to energies of 100 volts. 


I. Introduction 


The ever increasing interest in the use of the 
ass spectrometer as an analytical instrument, 
specially for hydrocarbon analyses, has made it 
lesirable to accumulate complete mass spectra for 
host of the hydrocarbons encountered in the 
petroleum and synthetic rubber industries below 
mass 150 or having a vapor pressure of not less 
han several millimeters of mercury at room tem- 
No less important are the resultant 
ata on energies and unimolecular reactions ob- 
ained from the mass spectrometric studies of 
mization and dissociation by electron impact of 
ases at pressures of the order of 10~* millimeter 
Because a comparison of observa- 


perature, 


bf mercury. 
ons of dissociation processes of several related 
iolecules will contribute more information about 
he properties of the ions produced and the manner 
n which they are produced than the study of one 
lecular species, it is the purpose of this paper 
© extend the data on the lower hydrocarbons to 
nelude the eis and trans isomers of 2-butene. 
arious authors have already reported data on 
methane [1],! ethylene [2, 3], ethane [4, 5], allene 
|, propylene [6, 7], isobutene [7], 1-butene [8], 


k was financed in part from funds made available by the Recon- 
nee Corporation, Office of Rubber Reserve 
brackets indicate the literature references at the end of this 


onization of 2-Butenes 


propane [6, 7], n-butane [5], and isobutane [5]. 
In most of these cases it has been possible to 
determine with the aid of the mass spectrometer 
what species of ions are produced from a particular 
molecule by a measure of the mass-to-charge ratio. 
It is also possible to determine the relative proba- 
bilities of formation of each ionic species under 
given conditions in the ionization chamber. If 
the energy of the bombarding electrons is con- 
trolled and measured, one is able to determine 
minimum energies necessary to produce any ionic 
species. In the case of a loss of an electron from 
the parent molecule, the minimum energy re- 
quired is known as the ionization potential, 
I (X*), of the molecule. The energy at which the 
ionized parent molecule dissociates into two or 
more fragments, one of which is an ion, is called 
the appearance potential, A (X*), of the ion. 
The ionization potential is of interest for com- 
parison with data obtained by spectroscopic or 
theoretical methods. The appearance potentials 
give information on the heat of dissociation of the 
molecule though in general they merely set an 
upper limit to the energies involved. The mass 
spectrometer data give no information as to the 
state of aggregation of the uncharged products of 
dissociation or as to the kinetic energy of the 
products of ionization. Nevertheless, these data 
are an important source of additional information 
on molecular structure and binding energies [9]. 
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II. Experimental Procedure 


The mass spectrometer used for the present 
work has been described in several papers [10]. 
Therefore, only a brief review of the more im- 
portant details will be presented. The ionization 
chamber and 180-degree analyser tube were 
horizontally supported between the pole pieces 
of an electromagnet. The strength of the mag- 
netic field was such as to deflect ions of a mass- 
to-charge ratio of 12 along the axis of the analyser 
tube at an ion-accelerating potential of 2,500 v. 
A schematic drawing of the ionization chamber 
and voltage supplies is given in figure 1. The 
lines of foree of the magnetic field are parallel to 
the electron ribbon. The path of the ion beam is 
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ACCELERATING 
VOL TAGE 
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Figure 1.—Schematic drawing of the ionization chamber 


and power supplies. 


1, Filament; &, first electron slit; ¢ 
FE, «lectron catcher; F, electron ribbon; G, electron accelerating power supply 


, second electron slit; D, ion pusher: 


and meters; H, ionising power supply and meters; J, catcher current; J, 
ion accelerating meter; K, pusher voltage supply. 


downward, perpendicular to the plane of the 
paper. 
tained from a tungsten filament were controlled 
by a wirewound potentiometer and read on a 
calibrated University model sensitive research 
meter, which could be read directly to 0.2 v on the 
15-v scale and to 1 v The 
voltage of the second (ionizing) electron slit was 
varied, whereas that of the first slit was maintained 
The filament was mounted in a low- 
pressure region from which the electrons enter the 
ionization chamber through a very small slit to 
minimize interference from products of thermal 


The energies of the ionizing electrons ob- 


on the 75-v seale. 


at 5 v. 
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cracking. Observations on products of primy, 
processes were assured by determining the lino, 
variation of the positive ion current with elect, 
emission and with the pressure of the sample j 
the ionization chamber. 

The cis-2-butene and trans-2-butene were gp 
ples of high purity prepared by J. A. Hinekle 
Jr., on the Koppers Fellowship at the Meh 
Institute of Industrial Research, Pittsburgh, p 
The amounts of impurity in these samples y, 
determined by measurements of freezing poiy 
by A. R. Glasgow, Jr., under the supervision , 
Frederick D. Rossini, in the National Bureay 
Standards section on Thermochemistry and Hydp 
carbons, according to the method described | 
Glasgow, Streiff, and Rossini [11]. The mo 
fraction of impurity in cis-2-butene is 0.00 
t 0.0010; that in trans-2-butene is 0.0181 +£0.00) 
From the manner of preparation and purificatig 
of these samples, it is believed that the impuri 
in each case is substantially all the other isome 
Liquid samples of suitable size were sealed int 
lengths of 3-ml glass tubing for convenient int» 
duction into the inlet system. The sensitivity 
which we may define as the number of divisio 
of C,H,* ion on the photographie record » 
micron of sample pressure behind the leak, » 
such as to give approximately 350 divisions | 
C,H,* ion for 30 u of sample pressure for bot 
and All data 
matically recorded by a photographic oscillograp! 

The determination of ionization and appear 


Cis- trans-2-butene. were aul 


ance potentials has been thoroughly discussed | 
L. G. Smith [1] and Stevenson and Hipple [5, !2 
The procedure used in determining the valu 
reported here was the method of “initial breaks 
as described by Stevenson and Hipple [5]. 1! 
voltage seale for the hydrocarbon ions was cor 
rected for “contact potential,” using the iit 
break of the ionization efficiency curve of arg 
The ionization potential of argon, J (A*)=15/ 
electron volts (ev) was taken from the tables « 
Bacher and Goudsmit [13], using the converse 
factor 1 ev=8,066 em to convert from cen! 
meters”! to electron volts. The observed ionizatie 
potentials of argon* and argon** were 13.52! 
ev and 41.5+0.1 ev, respectively. The val 
of I (Att)—TJ (At)=28.0+0.1 ev is in agreemet 
with values reported for electron impact method 
[12] and spectroscopic methods [13]. 
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Ill. Discussion of Results 


Figure 2 shows the first portions of the ioniza- 
ion efficiency curves for several of the cis- and 
-ons-2-butene ions and argon. The curves have 
wen plotted with the ion current scale adjusted 
» make all slopes nearly equal. Although the 
pppearance potentials were evaluated by extra- 
lating the smooth curve to intercept the abcissa, 
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icuRE 2.—IJnitial portions of the ionization efficiency 


curves for the ions trans-C,H,* (1), cis-CyHs* (2), trans- 
C,H,* (3), eis-CyH,* (4), c#s-C,H,* (5), and argon* (6). 


The ordinate is arbitrary and different for some ions. 


‘lose cheeks can be made by comparing the inter- 
epts resulting from extrapolation of the linear 
ortion of the curve to zero ion current. 

Table 1 summarizes the appearance potentials 
{some of the ions in the mass spectra of cis- and 
trans-2-butene. Measurements on several ions of 
|-butene were made in order to compare experi- 
mental details of the present work with that pre- 
viously reported. Table 2 lists the probable proc- 
sses by which each ion is formed. Included in 
table | are the values reported for 1-butene and 
Stevenson [8] and Hipple and 
tevenson [7] respectively. 


isobutene by 


lonization of 2-Butenes 


TABLE 1.—Appearance potential of various ions in the mass 


spectra of cis- and trans-2-butene 


Appearance potential A (X*) ev 
Ion (X*) 


frane-2- 


Isobutene 
Butene 7 


1s-2-Butene 1-Butene 1-Butene [5] 


9.4, +0.1 G.ly 0.1 0.45 +0.1 RRs +01 
11.d) +01 11.25 +0.1 llth +0.1 11.32 +0.1 
11.@« 40.1 11.76 20.1 11.76 0.1 11.45 +0.1 11.5) +0.1 
12.5 +0.2 12.4 +0.2 11.9 +02 11.7 +0.2 11.t2 0.1 
13.8 +0.3 14.2 +0.3 13.6 +0.2 13.8 +0.2 14.2 +0.5 
12.2 +0.2 12.4 +0.2 11.9; +0.1 15 +1 

12.1 20.5 


15.2 +0.5 


10.6 +0.2 1O8 +0.2 


13.8 +0.3 14.0 +0.3 13.6 +0.3 


TaBLe 2.—Probable process of ion formation 
/ J 


Ion Process 


C He C He 
‘Hr 


Except for the first ionization potential, the 
appearance potentials of the cis and trans isomers 
agree within the estimated experimental error. 
The agreement of the electron-impact ionization 
potential (9.1 ev) of trans-2-butene with the 
value (9.2 ev) determined spectroscopically by 
Price and Tutte [14] is gratifying. The small 
difference in ionization potentials of es- and 
trans-2-butene is in the opposite direction to the 
difference found by Sugden, Walsh, and Price [15] 
for cis- and trans-dichloroethylene, for which the 
ionization potentials are 9.6, ev and 9.9 ev, 
respectively. The ionization potentials of cis 
(9.4 ev) and trans-2-butene (9.1 e'7) 
compared with 9.6, ev for 1-butene [8], and 8.8, ev 


are to be 
for isobutene [7]. 
Both 2-butenes 
hvdrocarbons so far studied by electron impact, 
with the exception of 1-butene, in that the differ- 
ence in appearance potentials of the C,H,* ion 
and the C,H,;* ion of both 2-butene isomers is 
about The difference in appearance 
potentials of the same ions in 1-butene is 1.4 ev [8]. 
This is very near to the value (1.2 ev) for the 
difference in appearance potential of the parent 
ion and the parent ion minus one hydrogen atom 
of the saturated hydrocarbons. The relative 


resemble other unsaturated 


2.0 ev. 


331 





abundance of the C,H;* ion in the 2-butenes is 
about the same as that in 1-butene and about 20 
percent greater than the abundance of the same 
ion in isobutene. 

Rossini [16] lists the relative stabilities of the 
butenes as 1l-butene (0.00 ev), cis-2-butene 
(0.080 +0.005 ev), trans-2-butene (0.121 +0.005 
ev), isobutene (0.167 +0.011 ev). The experi- 
mental error of the electron-impact values re- 
ported for the appearance potentials of the C,H;* 
ion does not allow stability measurements on the 
Comparison with 1-butene 
and isobutene, however, is practical. From 
Rossini’s list of relative stabilities given above, 
isobutene is more stable than cis-2-butene by 
approximately 0.09 ev. However, the appearance 
potentials determined in this work for the C,H;* 
ion from cis-2-butene is 11.6, ev, whereas that ion 
from isobutene is 11.5, ev, as determined by 
Stevenson and Hipple [7]. This indicates that 
the 2-butene configuration of the C,H,* ion is a 
total of 0.24 ev less stable than the corresponding 
isobutene ion. Again from Rossini, cis-2-butene 
is more stable than 1-butene by 0.08 ev. As the 
appearance potentials of the C,;H,;* ions from both 
these molecules agree within experimental error, 
the 1-butene structure of the C,H,;* ion is appar- 
ently a total of 0.32 ev less stable than the iso- 
This checks Stevenson’s 


cis and trans isomers. 


butene configuration. 
findings |8], and supports his assignment of about 
0.4 ev as the lower limit for the activation energy 
of the reaction 


CH,CHCH,* +CH, ——— CH,CH,CHCH,* 


(assuming that CH,CHCH,* +H —— C,H,* re- 


quires no activation energy) to demonstrate that 
the allvl ion is at least 0.1 ev more stable than the 
Stevenson has also shown [8] that 


isoallyl ion. 
other electron-impact data and chemical evidence 
can be reconciled if activation energies for addi- 
tion of radicals to the viny! ion are assumed. 
The ionization potential of methyl acetylene 1s 
11.25 ev [15], whereas that of allene is 9.9 ev [6]. 
Although the exact appearance potential of the 
C;H,* ion is uncertain, the value for the 2-butenes 
(12.5 ev) being 0.8 ev higher than the same ion for 
l-butene would seem to indicate that the C,H, 
ion has the methyl acetylene structure rather than 


the allene structure as reported for the same 
formed from 1-butene [8]. It seems probg)j, 
then that the CH; group and the hydrogen atop 
forming the unionized products of the proces 
originate from adjacent carbon atoms rather thy 


the same carbon atom. 

The appearance potential of the C,H,* ion of ty 
2-butenes (12.2 ev) combined with the ionizatin 
potential of the ethyl radical (8.6;) reported jy 
Hipple and Stevenson [5, 17], yields a dissociai " 
energy D (C,H;-C,H;)=3.5 ev for the reactiy 
2-butene ———> C,H;*+C,Hs, in agreement wit! 
that previously reported [8]. 
appearance potentials of the C,H;* ion of eis a 


The similarity 9 


trans-2-butene indicates that both isomers requir 
approximately the same energy to dissociate to 
C,H;* ion. At electron energies greater than 20) 
however, the mass spectra of the two isomer 
indicate that the probabilities for this process ay 
slightly different for the two isomers (see tables 
and 4). The relatively low appearance potentiak 
of the C,H,* ion (10.6 ev) and the C,H,* ion (13 
ev) indicate that these ions are formed by a sin; 
dissociation process with one set of produets a 
very probably a single unionized fragment in « 
tion to the ion. The similarity of the appearane 
potential of the C,H,* ion of the 2-butenes to tha 
ion from 1-butene supports Stevenson's calcula- 
tion of the ionization potential of the vinyl radica 
The mass spectra of cis- and trans-2-butene for 
various ionizing voltages are given in tables 3 an 
4. At an ionizing potential of 50 v, the intensit 
of ion current for the C,H," ion is given an arbitran 
value of 100, in accordance with the practic 
this laboratory. The abundances of all other 
ions are made relative to this value. Some of thi 
less abundant ions of each carbon group have |» 
omitted for the sake of brevity. Also omit 
for the same reason are the doubly charged jou 
with a mass to charge ratio of 25.5, 26.5, and 274 
originating from the ions C,H,**, C4H,;"*, 
C,H,**, respectively. These first appear at abo 
40 ev for each isomer. Also omitted are th 
two metastable ions at 30.0 and 37.0 as reporte 
by Hipple, Fox, and Condon [18] and an ade 
tional metastable ion at 15.3, probably originatin 
in the same manner as that one reported for ~ 
pentene by the same authors. All three met 
stable ions appear below 20 ev for both isomers 
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sam TABLE 3.— Mass spectrum of cis-2-butene * 
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TABLE 4.— Mass spectrum of trans-2-butene * 


itive abundances have not been corrected for presence of C™ and D 
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For electron energies of 50 v or more, there 
appears to be little difference in the cis and trans 
mass spectra, especially for ions resulting from the 
loss of an electron, or a single unit such as a 
methyl group or hydrogen atom, or the fracture 
of the double bond splitting the molecule in half. 
See, for example, the similarity of the sensitivities 
of the two isomers and the similarity of abundance 
of the C,H,;* ion, the C,H,* ion, and the C,H, 
ion in both eis and trans isomers. 

For 50-v electrons, the relative abundance o 
the C,H,* ion is 27 percent for cis-2-butene and 32 
percent for trans-2-butene compared to 48 percent 
for 1-butene and 28 percent for isobutene. The 
abundance of the C,H,* ion in the 2-butenes is 
interesting because a C,H,* ion is not expected 
from 
There are two possible explanations for the pres- 
The first possibility is the ten- 


the structures of cis- and trans-2-butene. 


ence of this ion. 
dency for some molecules of this type to resonate 
between several possible structures, each structure 
contributing to the general characteristics of the 
molecule. For example, to account for dipole 
moments of 0.35 for propylene, and 0.37 for 1- 
butene, Hurdis and Smyth [19] point out that 
three structures can be written for propylene of 
the type 


Although the contribution of such structures is 
probably small, the fact that one hydrogen bond 
may have a partially ionic character is of interest 
is already known that the C,H;* ion in 
more abundant 


as it 
propylene is about 30 percent 
than the C,H,* ion. Also it might reconcile the 
anomaly reported by Stevenson in his work on 
l-butene, where the difference in appearance po- 
tentials of the C,H.* ion and the C,H;* ion is 1.4 
ev. This value is near the difference between 
the C,Hy* ion and the C,H,* ion (1.2 ev) of the 
butanes, although the relative abundance of the 
C,H,;* ion in 1-butene is larger than the relative 
abundance of the C,H,;* ion in isobutene, whereas 
the abundance of the C,H,* ion in isobutane is 


about five times the abundance of that ion in 


n-butane. Similar structures for the 2-byten. 
can be shown to be capable theoretica!iy of dix 
sociating to give C,H,* ions. 

A second and more usual explanation of ) 
formation of the C,H,* ion is the process comme, 
to many of the hydrocarbons studied by electyy, 
impact, namely, isomerization that occurs in thy 
very short time between formation of the jon ay, 
subsequent into fragments. [nei 
dentally, as the shape of the recorded peaks 1». 
sulting from an isomerization process js exactly 
the same as that resalting from simpler dissoeis. 
tion would conclude that tly 
isomerization and dissociation is accomplished 
before the ion is accelerated by the electrostat 
field. Knowing the dimensions of the ionizatio; 
chamber, it is possible to calculate an upper limi 
for the time required for a 2-butene ion to isomer. 
ize and dissociate to give a stable C,H,* io 
Assuming that an ion of mass M, and charge ; 


dissociation 


processes, one 


in coulombs, is accelerated from rest in an electri 
field of E volts, the velocity (cm/sec) after falling 
through the total potential /, is given by 


2eh10' 


VY uM 


Assuming a pusher potential of 4 v and a distance 
of 3 mm between the electron ribbon and the iw 
accelerating slit, the maximum time allowable for 
isomerization and dissociation to form a stabk 
C.H,* ion is of the order of 10~* second. 

Both 2-butene patterns are generally lower tha! 
those of 1-butene and isobutene except in the ( 
group, where the abundances of the ions are abou! 
half way between l-butene and isobutene, tly 
former having the highest values. In the ( 
group, all 2-butene ions with the exception of tl 
C,H,;* ion, are more abundant than the same tons 
from either 1-butene or isobutene. The 2-buten 
C,H,* ion is slightly less abundant than 1-buten 
and 20 percent more abundant than isobutene 

Figure 3 is a plot of some of the data in tables 
3 and 4. All the curves are for ions originating 
from cis-2-butene, with the exception of thr 
C,H,* ion, data for which are given for both ce 
and trans isomers. The flat portion of each curv 
occurs above 50 v, indicating rather stable cot- 
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nating 


recording relative abundances above 
The C,H,* ion is the only ion with 
diflerences in abundance between 
~.. and trans-2-butene. It is obvious from 
that even this difference is small and very 


{tions 
hat voltage. 


inifica nt 


gure 3 
set with increasing ionizing voltage. 

It was hoped that the variation of mass spectra 
f the 2-butenes with energy of the ionizing elec- 
trons would be such as to make possible the selec- 
tion of an ionizing voltage which would allow a 
more accurate separation of the cis- and trans-2- 
hutenes in a mixture of the other butenes. Unfor- 
unately, the relatively low abundance of the 
(.H,* ion, which is the only ion exhibiting a sig- 
nificant difference in abundance between the two 
isomers, reduces its effectiveness as a means of 
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uRE 3.—L'pper portion of the ionization efficiency curves 
for the ions cis-C3H;*, cis-C,yHs*, cis-C;H,*, cis-C2H;*, 


-C,H;*. 


ind trans 


ndance of each ion is relative to the abundance of the cis-C,Hs* 


m energies of 50 v. 


accomplishing the separation with any reasonable 
accuracy. Under standard operating 
conditions the energy of the electron beam is 50 v. 


caegree of 
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There is no evidence to indicate that an advantage 
can be gained by operating at some other value. 


IV. Summary 


The appearance potentials and relative abun- 
dances of a large portion of the mass spectra of 
cis- and trans-2-butene are reported. The ioniza- 
tion potentials of cis-2-butene and trans-2-butene 
were found to be 9.4, +0.1 and 9.1, +0.1 ev, 
respectively. The latter is in agreement with pre- 
viously determined spectroscopic data. The values 
for the heat of dissociation of the C,H;—C,H, 
bond and the ionization potential of the vinyl 
radical calculated from cis- and trans-2-butene are 
found to be in agreement with those values re- 
ported by Stevenson. The mass spectra of cis- 
and trans-2-butene are compared with each other 
and with 1l-butene and isobutene. There is no 
evidence to indicate an advantage in using ionizing 
energy other than the normal operating value of 
50 v when analysing mixtures containing cis- 
and trans-2-butene. 
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many helpful suggestions made throughout the 
course of this work by Fred L. Mohler of this 
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W. Washburn, of the Consolidated Engineering 
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Properties of Barium-Strontium Titanate Dielectrics 
By Elmer N. Bunting, George R. Shelton, and Ansel S. Creamer 


The results on barium-strontium titanates are given for heat treatments, absorption, 
shrinkage, thermal expansion, dielectric constant (K) at — 60° to 85° C, and also for Q, the 
reciprocal of the power facter, at 25° C for frequencies of 50 to 20,000 ke/s. A few measure- 
ments of K and Q were made at 3,000 mc/s. Specimens matured (absorption less than 0.1 
percent) at 1,250° to 1,430° C. K values ranged from 34, for BaO:4TiO>, to several thousand 
for specimens with compositions on the BaTiO;-SrTiO; join. Specimens having the com- 
position BaO:5TiO, were unique in that their temperature coefficient of K was practically 
zero. Q values ranged from 50 to 100 for test pieces containing over 40 percent of BaO, 
and from 400 to 10,000 for those with less than 40 percent of BaO. K values did not change 
appreciably with frequency. Linear thermal expansions between 25° and 700° C ranged 
from 0.6 to 0.84 percent. Many of these specimens could be used in radio equipment. 


I. Introduction carbonates, were used in the preparation of all 

specimens with compositions shown in figure 1. 

The properties of titanates containing barium Three other grades of titania were tested also. 
nd strontium have been investigated only 
ecently [1, 2, 3},' although dielectrics containing 
itanium have been used in radio equipment since 
925 [4], and the high values of the dielectric 
onstant of some of the oxides of titanium have 
been known since 1903 [5]. Many patents have 
been issued covering the preparation of dielectrics 
rom titania in combination with such oxides as 
lgO, ThO:, ZrO,., SiO, and as titania-filled or- 
anic plastics. Some of the titanates were con- 
picuous because they exhibited outstandingly 
gh values of the dielectric constant [1]. Al- 
wough many data have been published [1, 2, 3] 
n specific titanates, a knowledge is desirable of 
he properties of such materials over a wide range 


{ compositions. In 1944 a systematic study of / 
ramic dielectrics, of which this paper consti- / 
utes the first report, was undertaken at the SO ON 
quest » Army Si ‘orps . o- : 
juest of the Army Signal Corps. Ficure 1.—Ternary diagram for the system BaO-SrO-TiO», 


showing compositions studied. 


Il. Preparation of Specimens * RRR 


A stock of titania, designated TMO, together 
ith chemically pure quality barium and strontium = ‘The chemical analysis, furnished by the maker 
ysis, ; ’ 


and some properties of each o » four grades 
brackets indicate the literature references at the end of this : c I I tue S f al h f the fc ul grade 5s 
are given in table 1. 
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rape 1, 


Composition, specific surface, and crystal form of four brands of commercial titanium dioride, an: 


80 the heq:. 


treatments and properties of specimens prepared from these materials 


Composition ® 


Specific 


Grade designation surface © 


cm/g¢ 


39,000 Rutile 


36, 000 


do 


Anatase 


* Compositions furnished by maker 


Crystal form ¢ 


| Dielect 
Abscrp- consta 
tion 4 (K) at 
and 1x 
| | ke/s 


Heat treatments forthr| Shrink- 
| at age 4 


Percent 
14.1 
16.6 


ee ee ee 


> Determined by R. L. Blaine with the Lea-Nurse apparatus, air-permeability method. 


¢ Determined by X-ray diffraction by H. F. MeMurdie. 
4 Values obtained after final heat treatment 

¢ Conductance too high for measurement 

f Also contains 0.45% alkali 


Weighed batch constituents were added to 
distilled water containing a wetting agent (2 drops 
of aerosol per 250 ml of water), and the suspension 
stirred for 1 hr with a high-speed stirrer. After 
drying the caked mixture it was passed through a 
No. 50 sieve and moistened with 10 percent, by 
weight, of a 2 1/2-percent starch suspension. 
The moist powder was then dry-pressed at 10,000 
lb/in.* into cylinders (5/8 in. in diameter by 3/4 in. 
long), which, after drying, were heated at 1,100° 
to 1,245° C for 1 hr. These calcined cylinders 
were pulverized and passed through a No. 325 
sieve. After moistening with 5 percent, by weight, 
of a 2 1/2-percent starch suspension, the powder 
was dry-pressed at 20,000 Ib/in.* into the form of 
disks 1/8 in. thick and of various diameters rang- 
ing from 1/4 in. to 1 in. 

In all heat treatments, the cylinders and disks 
rested on platinum foil supported by alumina 
plaques. After heating the specimens overnight 
to about 1,000° C in an electrically heated furnace, 
the maturing temperature of 1,250° to 1,430° C 
was attained in 3 to 5 hr, using a heating rate of 
about 3 deg C a min, and was held for either 1 or 
2 hr within +5 deg C of the desired temperature. 
The furnace heating chamber was heated on all 
and was uniform in temperature within 
t5idegC. All temperatures were measured with 
calibrated Pt to Pt-Rh thermocouples. 


sides 


III. Test Methods 


Absorption was determined by immersing t) 
weighed specimen in chemically 
tetrachloride, where it remained while the lig 
was boiled for 5 hr and allowed to cool. Afiw 
quickly drying the surface of the specimen, it was 
Carbon tetr- 


pure carbo 


weighed in a stoppered bottle. 
chloride was used instead of water to avoid an) 
hydration of the specimens. Any gain in weigh 
was divided by the density of the CCI, in order 
find the equivalent gain, had water been used 
Percentage absorption equals equivalent gain 
weight, divided by dry weight, multiplied by 
The percentage of shrinkage was obtained fro 
the diameter of the mold used, minus the averag 
diameter of the matured specimen, divided }y 
the diameter of the mold, multiplied by 100 
The dielectric constant (A), and the @Q-valw 
were obtained from measurements on a Boonto! 
“QQ” meter, type 160-A, whose condenser ha 
been calibrated against a calibrated precision con- 
denser. This meter was operated in a cabinet 
controlled at 25° + 0.5° C and a relative humidit 
of 40 percent or less. The titanate specimens 
were heavily coated on both sides with a silve 


1 
(i 


? This value constitutes a ‘figure of merit” in radio-circuit 
when greater than 10, is nearly equai to the reciprocal of the 
phase angle (@ High Q-values for inductors and condensers 
for good selectivity in tuned circuits 
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eated to 750° C in an electric muffle 


ste al 
rive silver electrodes about 0.01 in. 


rhace 
‘ck. Any extraneous silver on the side of a 


k was removed with fine sandpaper. Speci- 
ys were kept at a relative humidity of 40 per- 
nt or less and at room temperature for several 
burs and then at 25° + 0.5°C for % hr before the 
asurements were made. Disks with a capacity 
ter than the capacity used in the variable 
ndenser in the instrument were measured in 
ies with a suitable condenser. 
The capacitance from which the dielectric con- 
unt was computed was determined at 1,000 ke/s, 
bd temperatures ranging from —60° to +85° C, 
the resonant circuit ® capacity substitution 
‘thod. The specimens were held between brass 
trodes in an insulated chamber 1 ft* in vol- 
. This chamber could be cooled with dry ice 
heated by a heating coil, and was controlled to 
Measurements were made at + 40°, 
Lgo°, +85°, +70°, +50°, +30°, +20°, 
40°, —60°, —50°, —30°, —10°, and 
Prior to each measurement, the tem- 
rature of the specimen was maintained constant 
-15 or more minutes. 
\leasurements at a frequency of 3,000 me/s were 
ade on specially shaped specimens in the Massa- 
usetts Institute of Technology coaxial wave 
ide instrument [6]. 
Thermal-expansion determinations were made 
the interferometer method at a heating rate of 
b to 3 deg C a minute. 


IV. Results and Discussion 


One of the difficulties encountered in the prep- 
titanate dielectrics is the lack of 
iformity in commercial titanium 
The four grades investigated varied not 


ation of 
grades of 
oxide 
ly in composition but also in grain size and 


scillator containing a No. 71A tube was used. This was 


on- ; 
n co red on the filament and plate by storage batteries. Resonance was 
a hinet 1 & loosely coupled pick-up circuit, tuned by a precision con- 
a il : 

lit Ser irrent was indicated by a vacuum thermocouple, using a 
midity inometer, lamt 
eu smh 


», and scale 


‘ymMelis 
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crystal structure. Consequently, matured speci- 
mens of impure TiO, did not exhibit identical 
properties, as illustrated by the data in table 1. 
Such results, showing grade WD to be the least 
satisfactory for preparing dielectrics of this type, 
may not warrant the rejection of a given grade 
for the preparation of dielectrics that contain 
other materials, such as BaO or SrO. In the 
experiments on three grades (table 2), the choice of 
grade was immaterial so far as the properties of 
matured specimens of SrTiO; was concerned. 
The maturing temperature and other properties of 
specimens may vary considerably for some speci- 
mens when different grades of TiO, are used. 

In table 3 data are given on the composition, 
heat treatment; absorption; shrinkage; dielectric 
constant (AX); and Q, the reciprocal of the power 
factor, for matured specimens of the titanates 
studied. 


TaBLe 2.—Properties of barium and strontium titanate 


specimens prepared from three grades of commercial 


titanium dioxide 


Heat treat- Dielectric | Reciprocal 
ments * constant (Y) of 
Grade of Shrink- | Absorp- (K) at 28°C power 
TiO, age tion a 1.000 factor at 
lem per- Time - hole 25° C and 
ature 1,000 ke/s 


Specimens of BaO:TiO? 


hr Percent Percent 
2 10. 6 0. 05 
l 10.9 03 


1 49 1.07 


Specimens of 5rO:TiO 


Specimens of 57.4% SrO:TiOe+42.6% of BaO: TiO, 


* All preparations were given a preliminary calcination at 1,245 





TABLE 3 Composition, heat treatment, absorption, shrinkage, dielectric constant, K, and Q, of bodies in 
BaO-SrO-TiO, 


Heat treatment 
Dielectric constant, Recipr 
ymposition weight K. at 25° C and Pee 
Preportion of No. 1 No. 2 Ab 


dentemation end members sorp- 
esigna of join tion 


Shrink 
age 


Specimen 


T . 1,000 20,000 0 
ime ke/s he/s ke 


SrO:12TiO; BaO:i8TiO; 


Weight Weight 
percent percent | Percent | Percent Percent « ; hr Percent Percent 
100 0 o8 #2 1, 100 L 1 0.00 16. 2 
i] t4 5 #3 1, 100 % 1 OO 16. 6 
0 100 5 4 1, 100 , 275 1 oOo 15.0 


SrO4TiOg BaOTiO; 


SrO:2.7TiOg BaOu TiO; 


SrO:2TiOg BaO:3TiO:g 


i ie i a ee a | 


Journal of Research 





Composition, heat treatment, absorplion, shrinkage, dielectric constant, K, and Q, of bodies in the system 
BaO-SrO-TiO.—Continued 


Heat treatment 
. D electric constant Reciprocal, Q, of power- 
Composition weight ; : : ’ I se, OF Ff 
i K, at 25° C and factor at 25° C and 
ropertion of No. I No. 2 
embers 

1) Tem * 
ihr ere rime 1,000 20,000 é 20,000 
at on ke/s | ke/s ke/s ke/s ke/s 


BaO:2TiO» 


Weight Weight 
percent ercent Percent Percent Percent Ar Percent Perce: 


100 44.0 51.0 1 02 16. 
SrO: TiO; 2BaO:3TiO, 


260 
255 
285 

310 
375 
450 
660 


= 


950 


tm th te tw 


= 


U5 
BAO 
woo 


riO: BaO:Ti 


‘ 
‘, 


—— ws BD OO 


3SrO:2TIO» Ba: 
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The range in composition of the specimens is 
illustrated by the diagram in figure 1.4 Some of 
the preparations with compositions indicated by 
points on the join 3SrO :2TiO,-BaO.TiO,/(fig. 1), 
even though mature, disintegrated after several 
months storage in porous paper envelopes. As 
stability of capacitors after prolonged exposure to 
moisture in the air is important, several specimens 
of SrO.TiO, and those with compositions repre- 
sented by points on the BaO.TiO,-SrO.TiO, join 
were remeasured for A and Q after storage under 
room conditions for 6 months or more. The 
values of K and @ had not changed,which indicated 
that no disintegration had occurred. 

Two objects of the heat treatments were (1) to 
expel the CO, from the carbonates, and (2) to 
induce reactions among the remaining oxides so 
that mature specimens (less than 0.10 percent of 
absorption) resulted. Although a single heat 
treatment sufficed for a few preparations, a prelimi- 
nary heat treatment for calcining most of the 
batches was necessary. One advantage of calcina- 
tion was the elimination of difficulties experienced 
in dry-pressing disks from the extremely fine- 
grained original materials. 

In calcining the batches, a relatively high tem- 
When such tem- 
peratures approached those for maturing the disks, 
the resulting calcines were more difficult to pul- 


perature was unsatisfactory. 


verize and to form into compact dry-pressed disks 
than were the calcines produced at temperatures 
100°C or more below those of the final heat treat- 
ments. Possibly an objection to calcining at 
relatively low temperatures is the high shrinkage 
(10 to 20 percent) that occurs on maturing. 
Such an objection is more than offset by the 
ability to produce practically nonabsorbent speci- 
mens from these calcines, whereas the “high cal- 
cined”’ material was much more difficult to mature. 
In this study, over 500 disks were made because of 
the difficulty in finding the narrow range in tem- 
perature at which many of the specimens matured. 

In the second heat treatment for preparation of 
mature specimens, the maximum temperature 
varied from 1,250°C, for BaO : 2.2 TiQ,, to 14,30°C 
for specimens with compositions in the join 
BaO. TiO,-3Sr0 : 2TiO, (fig. 1). Although the time 
at the maximum temperature of the heat treat- 


‘ The abbreviated designation of the composition of specimens is evident 
from a comparison of column | with 2 and 3 in table 3. Thus, 8ST is an 
abbreviation for 8rO : 12Ti1O 
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ments was varied widely, 1 to 30 hr, a 
1 or 2 hr was sufficient for calcining ‘he bates 
and maturing the specimens. Approximate maty. 
ing temperatures are indicated in figure 2, 


uralior 


, 5% (1275) 
3 575 (1325) 


(310) Se% 
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(1375) ST 
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Figure 2.— Maturing temperature after sintering treat» 


B=BaO; S=SrO; T TiOs 


In the determination of the dielectric consta 
and (, the advantage of specimens with low valu« 
of absorption (0.1 percent or less) is apparent fro 
the data on specimens TMO (table 1), which « 
typical for all specimens studied. Although | 
values of K and @Q decrease as the absorption \- 
creases, the amount of change in A is much les 
pronounced than that in Q. The values of A wer 
duplicated usually within 1 or 2 percent, but var- 
ations of several percent in the values of Q we 
not uncommon. 

The data in table 3 show the effect of variaty 
in composition on the dielectric constant (4 
Values of 91 to 98 for mature specimens of titanw 
prepared from grades TMO, A, and R, table |, « 
within the range of values obtained by other 
vestigators [1, 2], for the dielectric constant of suc 
material. Additions of BaO to TiO, resulted in 
gradually decreasing values of K (at 25° C) fro 
98 to a minimum of 34 (BaO:4TiO,), followed 
(2) increasing values of K to a maximum of 1,5" 
(BaO:TiO,). The values of K increased rape) 
when the content of BaO was increased from 4 
to 65.7 percent. 

By contrast, additions of SrO to TiO, caused t 


My 


values of K to increase gradually from 5 to - 
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Similarly, increasing values of K 
-ed in some specimens containing both 
©. when the SrO content was increased 
meentration of TiO, maintained con- 
. js illustrated by compositions on the 


QO: 1 8TiIO,-SrO:12TiOn., BaO:6TiO,-SrO: 
nd BaO:3TiO,-SrO:2TiO,, as shown in 


However, increasing the content of SrO 
concentrations of TiO, constant, but less 


resulted from small alterations in the composi- 
tions in the join BaO: TiO,-SrO: TiO,, as shown in 
table 3. 

The dielectric constant (A), 
me/s, was affected also by the temperature of the 


measured at 1 


specimens, as indicated by the data in table 4. 
The values for 30°, 50°, and 80° C, can be found 
by interpolation for most of the specimens. The 
smallest variations in K were observed for speci- 


mens with binary compositions in the range 61.0 
to 75.6 weight percent of TiO, and 24.4 to 39.0 
weight percent of BaO, whereas the largest varia- 


61 weight percent, caused the values of K 
ase rapidly to a peak and then to decrease. 


illustrated by compositions on the joins 
 ():2.2TiO,-28rO: 3TiO», 2BaO :3TIO,-SrO: Tig, 
nd BaO: TiO,-SrO: TiO,. At 25° C, changes in the 


tions in K were found for specimens that had 
compositions represented by points in the join 


constant ranging from 1,000 to 3,000 BaO: TiO,-SrO : TiQ,. 


elec tri 


ranLe 4.—-Dielectric constant, at 1 me/s, from 60° + 85° C, and temperature coefficient of dielectric constant at 0° C 
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PABLE 4.— Dielectric constant, at 1 me/s, from —60 + 85° C, and temperature coefficient of dielectric constant at 
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TsO 710 45 SAO 
1200) 1020 $25 7) 
4000 2500 1270 
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3200 S000 1700 
a2 2300 7500 
23.50 2 11000 
20 2100 3100 
1650) 1650 2050 


1a 100 1410 


110 Ut) 690 
3080) 200 1270 
200 200 320 
2300 2250 1000 


1160 1310 1360 


* For compositions, see tables 1 and 3. 
> Grade designation (table | 


The effect of temperature, over the range —60° appeared when the concentration of BaO wa 
to +85° C, upon the dielectric constant of speci- more than 28 weight percent. Specimeifseud 
mens in the system BaO-TiO, is illustrated by BaO:4TiO, (32.4 percent of BaO) had a slightlfhndica 
figure 3. In diagram A the negative temperature positive temperature coefficient of K as well « 
coefficient of AK for titanium dioxide is indicated the lowest observed value for K, as shown by th 
by the curve TiO). It is seen that increasing the curve BaO:4TiO, in diagram A, figure 3 
content of BaO in the specimens (to approxi- further increase of 6.6 percent of BaO resulted not 
mately 28 weight percent), as in BaO:5TiO,, only in a higher value of K but also in a slightly 
resulted in a reduction of the negative tempera- negative temperature coefficient, as illustrated by 
ture coefficient. Attention is directed to the curve BaO:3TiO, in diagram B. As the concemffrregu 
specimen containing 27.7 percent of BaO, because tration of BaO increased within the range 39 \rersu 
the dielectric constant remained unaltered by — 65.7 weight percent (BaO:3TiO, to BaO.TiO: — Th 
changes in temperature within the range —60° the dielectric constant of the specimens exhibitedfpeaks 
to +85° C, as shown by the curve BaO:5TiO,. more pronounced changes with temperature ‘emp 
Certain irregularities in the dielectric constant well as increased values of K. as illustrated by 
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iation of 


system, 


(and D (fig. 3). It should be noted 


scales were 


agrams B, 
vat the altered in the ordinate of 
agrams C and D, because of the high values of K. 
Other investigators [1, 2] have found consider- 
le variation in dielectric constant with changes 
specimens prepared from 
aQ.TiO,. In the study, diagram D, 
vure 3, shows the of the dielectric- 
mstant-temperature curve for these specimens. 
though a peak value of 11,800 K was observed 
t 118° C, variations of as much as 1,000 or more 
i the values of A were caused by small changes 
| temperature within the range of 110° to 125° C. 
‘he rapid variation of K with temperature occurs 
t a reversible change in crystal structure from 
seudocubic to the cubic perovskite structure [2], 
vlicated by X-ray studies. 

Additions of SrO to specimens containing BaO 
nd TiOs, 
gure 1, 


temperature of 
present 
character 


denoted by the joins in the diagram of 


resulted in negative temperature coeffi- 
ient of A for most of the specimens, as shown 
n the last column of table 4. Coefficients were 
ot computed for all the specimens because of the 
rregularities in the curves of dielectric constant 
ersus temperature. 

The portion of the ternary diagram in which 
eaks were observed in the dielectric-constant: 
emperature curves is indicated in figure 4. These 
aks were a maximum for specimens with com- 
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constant with temperature, 


TiO,-BaTiOs. 


at 1,000 ke/s, for specimens with compositions in the binary 


positions indicated by points in the join BaO.TiO,- 
SrO.TiO,. The with a peak at 41° C 
(fig. 5) for one of these specimens, SB21/, resembles 
the curve for BaO.TiO, (fig. 3, Y). It was found 
that increasing the content of SrO in this series of 
compositions on the SrO.TiO,-BaO.TiO, join re- 
sulted in decreasing the temperature at which the 
peak in dielectric constant occurred (fig. 6). Ex- 
trapolation of the curve indicates a peak for 


curve 
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Ficure 4.—Relation between the temperature at which the 
peak dielectric constant cecurs and compositions in the 
BaO-SrO-TiOy, system. 

B= BaO; 


SeSrO; T=TiO; 





SrTiO, at a temperature of approximately — 240° 
C. Similar data by other investigators indicate 
that this peak is near —260° C [7]. 

Figures 7, 8, and 9 show the lines of constant 
values of A at —60°, 0°, and + 60° C with varia- 
tions in composition over a portion of the ternary 
system BaO-SrO-TiO,. These diagrams indicate 
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Ficure 5.—Variation of diclectric constant with temperature, 











at 1,000 ke/s, for specimen SB21 with composition on the 
SrTiO;-BaTiOs join. 


the changes in the values of K that result from 
simultaneous alterations of both temperature and 


composition. 

Despite the relatively low dielectric constant 
(37) of specimens having the composition BaO: 
5TiO,, the zero temperature coefficient of K is 
noteworthy. It was found, however, that an 
addition of 5 percent of SrO to this composition 
led to a negative coefficient, as in specimens 5BS8 
(table 4). Specimens 4BS8 also had a low nega- 
tive coefficient, whereas 4BS9 had a positive co- 
efficient. Thus, specimens having zero tempera- 
ture coefficient of K are limited in composition to 
a small region in the vicinity of the composition 
indicated by the point BT5, figure 1. For some 
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Ficure 6.—Variation of the temperature at which the yw 
dielectric constant occurs with composition on the SrTil 
BaTiOs join. 








uses, such as delay lines, the dielectric with ze 
temperature coefficient is desirable. 

The dielectric constant was not affected | 
variations in frequency within the range 50 | 
20,000 ke/s. It is believed that the slight diff 
ences in observed values of AK are within exper 
mental error. 





Fiaure 7.—Constant K with varying compositions a! 
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The ation in values of Q caused by altera- 


omposition and frequency is shown by 
» table 3. Although most of the speci- 
relatively high values of Q (400 to 


yons 





10,000), those containing more than 46.0 percent 
ff BaO exhibited low values of from 50 to 100. 
Vith specimens having a constant and relatively 


ow content of TiO,, an increase in the concentra- 


7102 





MM 

10 20 
KE 9.— Constant K with varying compositions ct + 60°C. 
ion of SrO was accompanied by increased values 
f (, as illustrated in table 3. As an absorption 
f over 0.01 percent was attended by a lower 
alue of Q, some of the specimens with absorptions 
ver 0.01 percent probably exhibited values of Q 
ower than the best obtainable. 


Hitanate Dielectrics 


Tasie 5.—Dielectric constant K, and (, the reciprocal of 


the power facter, at 25° C and 1 me/s and 3,000 me/s 


K at 3,000) Qat 3,000 


kK at | me/s 
Ka . me me/s 


Specimen designation Qat | me/s 


BaO: 3TIO;z 
Bs6 
BS7 


The data in table 3 show little correlation of Q 
with frequency. In some instances, a specimen 
had low Q at 50 ke/s and fairly high @ at 20,000 
ke/s, for example, B76. 
men exhibited a high @ at all frequencies. As an 
example of the variation in Q values of specimens 
receiving the same preparation and heat treat- 
Although 
dielectric constant is not 
large, the Q@ values show a very large variation. 
However, the specimen with the highest absorp- 
tion has the lower Q The 
these differences is not apparent, but it may be 
connected with a number of factors, such as the 


Often a duplicate speci- 


ments, the data in table 6 are given. 
the variation in the 


value. reason for 


sie of crystals and pores, as well as the state of 
oxidation of the titanium compounds. 

Variations in the properties of specimens of the 
same composition, SB50, which received different 
heat-treatments, are given in table 7. These 
specimens have a fairly large maturing range 
with small variation in dielectric constant. Simi- 
lar data could be given for most of the other 
compositions of low BaO content. 


TaBLe 6.—Properties of svecimens of SrTiOs, sintered for 
1 hr at 1,245° C end heated at 1,350° C for 1 hr 


Dielectric constant (K), | Reciprocal (Q) of power 
25° C factor, 25° C 
Absorption Shrink- 
age 
1,000 20,000 
ke/s ke/s 


1,000 | 20,000 


50 ke/s 50 ke/s ke/s ke/s 


Percent Percent 

0.11 14.8 
0.06 15.0 3 
0.05 15.0 4 
0.05 5x 25 1, 
8 

i 


1,350 3, 500 
3, 200 4, 800 
&, 000 
4, 500 
10, 000 
&, 000 





TABLE Properties of specimens of SB50, sintered at 
C for 1 hr. and heated at 1,350° C, 1.385° C, and 


> C for 2 hr 


Dielectric constant (A), | Reciprocal (0) of power 
m— factor, 24° C 


In the specimens having a high BaO content, 
and low @ values, the variations in the dielectric 
constant and the Q values are more nearly equal, as 
shown by the data in table 8. In general, for 
specimens having a low BaO content, the varia- 
tions in the dielectric constant, for well vitrified 
samples, are much less than the variations in the 
@ values, although for specimens of high BaO 
content, and low Q values, these variations are 
more nearly equal. 

TABLE 8.—Variations in some 


properties of specimens 


containing over 40 percent of BaO 


Reciprocal (0 


senens Dielectric con 
nents 
; of power factor 


Speci . stant (K), 26° C 
Then 
desi 
len lem . a 
nation ra ore . 1.000 27,000 50 1. 000 20 O00 
pe I . ke/s kes) ke/s |ke/s| ke/s| ke/s 


ture ture 


Per 

‘ent 
2 0.00 , 1,810 33 
05 1, . 1,820 36 
mw a 1,790 36 
Os 820 «83 
00 S10 =74 
05 1, a 1.300 7yv 
OS I, ° 1,410 8&2 
03 1,670 134 
1330 «OS 


* BaTiO; made with TiOs, grade WD 
» BaTiOs made with TiO:, grade R 


Coating the specimens, particularly those having 
relatively high absorption, with wax or paraffin 
increased the values of Q. The improvement, 
however, was not permanent, for on standing a 
gradual decrease in Q was noted. 

At a frequency of 3,000 me/s, a greater difference 
was observed in the values of Q than of K com- 
pared with their respective values found at a 
frequency of 1 me/s, as indicated by the data in 


348 


table 5. As most specimens had ; 
constant that was too high for determ 
this method, only these three specii 
measured at 3,000 me/s. 

The thermal expansion of the spe 


Lieles ty 


ation by 


high, ranging from 0.59 to 0.84 percen 











Figure 10.— Thermal expansion for a specimen of Ba’ 


and for SB16 (table 3) in the region of the peak diel 
constant, over the range 25° to 170° C, 


Solid lines for dielectric constant and broken lines for therma 


room temperature and 700° C, despite the 
variation in composition (table 9). 
illustrates a peculiar feature of the expansia 
curve for specimens with compositions in the j 
BaO:TiO,-SrO:TiO,. The flat of thes 
curves occurred in the range of temperat 
characterized by a peak in the dielectric constai 


Figur 


section 


Tasie 9.—Linear thermal expansion 


remperature range from 25° ( 

Specimen des 
ignation mo? 2 . 100° Of 600 

Cc : . Cc . Cc 


Per Per- Per- Per 
cent cent cent cent 
TiOs 0.06 06.14 0.32 0.41 
BTIS 05 4 2 31 
BT6 05 14 : 33 
BTS . O86 15 : 44 
BT4. O06 i4 : 32 
BT3 16 26 37 
BT2.2 16 : 37 
BT2 ; 16 40 
BT 13 2 38 
SB 18 42 
SB29 19 3 “4 
SB20F * 7 a 41 
SBI6 : 41 
ST 40 
ST2 26 . 36 
ST4 


*3% MeF; added. 


Although the construction of a phase diagr! 


for this system was outside the scope of this 


vestigation, there were indications, based 
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constal 


mperatures, of the existence of com- 
various regions of the diagram, figure 2. 
le, a binary compound in the region 


( BaO-4 TiO, is suggested by the maturing tem- 


dielectric constant, and X-ray spectro- 

fact, a comparison of X-ray patterns 

the specimens in the system BaO-TiO, 
dicated the formation of other compounds in 
‘dition to BaO:4TiO, and BaO:TiQ,.° 
ring temperature of 1,350° C for specimens in 
region 18 percent BaO, 28 percent SrO, 54 
reent TiO, is suggestive of a ternary compound, 


The ma- 


ut the suggestion is not supported by data on 
ve dielectric constant or by X-ray patterns. 


V. Conclusions 


Mature specimens (absorption less than 0.10 
ere can be made from mixtures of titanium 
ioxide with barium and strontium carbonates, 
hich have compositions represented by points in 
we system BaTiO,-SrTiO,-TiO,. The dielectric 
mstant of these specimens varies from 34 to 
veral thousand, whereas the Q@ values vary from 
bout 50 to Most of 
vecimens exhibit a large negative temperature 


several thousand. these 


vfficient of dielectric constant, which is not too 


o H. F. MeMurdie for the X-ray spectrograms 
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great in some to prevent their use as bypass and 
coupling condensers. A few have positive tem- 
perature coefficients, although that of one speci- 
(BaO:5TiO,) is practically zero. When 
properly fabricated, some of these titanate bodies 


men 


could be used also as filter or storage condensers, 


and as delay lines for microwave signals. 
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Determination of Small Amounts of Carbon Monoxide 
in Air by Various Reference Methods 


By Martin Shepherd 


This is a report of the cooperative analyses of two samples of carbon monoxide in air. 


The analyses were made by laboratories engaged in investigations for the military services 


during the past war, and this work served to bring the results of these laboratories into 


common agreement. 


I. Object of the Investigation 


This work was undertaken to insure satisfactory 
‘curacy of analytical results obtained by various 
pboratories using different fundamental reference 
wthods for the determination of small amounts 
f carbon monoxide in air. As these reference 
1ethods are used to establish the composition of 
tmospheres in many researches dealing with the 
estimation of carbon 
jonoxide, it is obviously necessary that essential 
yreement between the different 
Pethods and the different laboratories engaged in 


avards, detection, and 


should exist 
uch work. The cooperative analyses of identical 
imples has always been the most direct and suc- 
essful way of measuring significant disagreement 
‘tween different laboratories and different meth- 
s and of ultimately establishing satisfactory 
This used in the 
resent instance. 


greement. approach was 


II. Preparation of Samples 


The standard samples were prepared by the 
ressure-dilution method, which is well adapted 
) mixtures wherein One or more components are 
{ relatively low partial pressure. 

The apparatus used to prepare the standard 
amples was essentially a manifold with valves 
rranged so that connections between pressure 
pges, nanometer, vacuum pump, and cylinders 
suld be made in any desired combination. The 
ulves were of the diaphragm-packless type or the 


Stimson ' type and were vacuum-tight across seat, 
diaphragm, or (in the case of the Stimson valves) 
through the packing. The gages were of the lab- 
oratory-test type, carefully calibrated to the 
nearest 2 lb/in.* and good to 4 lb/in.? over the range 
0 to 2,000 lb/in2 Two such gages were always 
connected for pressure readings. The mercury- 
filled manometer was of the barometric type, of 
20-mm bore, and was read with a cathotometer. 
The vacuum pump was of the regular commercial 
type capable of reducing the pressure to approxi- 
mately 0.001 mm of mercury. Cylinders selected 
for this work were standard hydrogen steel cylin- 
ders (ICC 3A2015) and were equipped with dia- 
phragm-packless valves that upon test were tight 
across the seat. The cylinders had previously 
been chained and brushed clean before inserting 
the valves and were dried by alternate evacuation 
and flushing with dried air. 

It is obvious that some mixtures cannot be 
stored in steel cylinders; but mixtures of carbon 
monoxide in air, in the range of carbon monoxide 
desired for physiological work, do not change 
significantly over long periods when maintained 
under pressure. This fact has been carefully 
determined by periodically comparing samples of 
different ages. Comparisons were made over 2 
years’ duration with the NBS colorimetric meth- 
od (laboratory procedure), capable of differentiat- 
ing to 0.0002 percent by volume in the low con- 
centrations studied. The samples submitted for 
the analyses reported herein were not stored longer 


' Designed by Harold Stimson of the Bureau 
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than 4 months before the actual analyses were 
made. 

The whole system, as connected for each specific 
procedure, was tested for leaks by evacuation 
and/or measurement of positive pressure over a 
definite period within the significance required. 
The apparatus was located within a laboratory 
where the variation in temperature does not exceed 
1 deg C at any time. 

The procedure for preparing a standard mixture 
of carbon monoxide in air (actually air with a 
small amount of additional nitrogen) was as 
follows. Carbon monoxide of known purity was 
transferred to a cylinder by alternate evacuation 
The pressure of this carbon monox- 
measured 


and flushing. 
adjusted to the 
Compressed nitrogen was 


ide was existing 
barometric pressure. 
then admitted to the cylinder until the gage 
registered 99 existing atmospheres, after the heat 
of compression had been dissipated and the 
cylinder was in thermal equilibrium with the 
room. This resulting mixture, which was very 
close to 1 percent carbon monoxide, was diluted 
in the same manner, but with air, until its con- 
centration had been reduced to 0.0100 percent, 
or to some desired value of this order. 
The gases under were thoroughly 
mixed by thermal convection. The cylinder was in- 
clined to about 45 degrees, and the top was cooled 
while the bottom was heated for about 24 hours. 
Water from the cold and hot taps (about 15° 
and 65° C, respectively) served for this purpose. 


pressure 


The composition of the mixture with respect to 
carbon monoxide was computed from the equation 


‘ Peo 14.696 R, T, 
Percentage of CO= Meo 760 Pow 147 R, T,’ 
in which 
Meo=percentage of carbon monoxide in 
the gas taken for dilution 
Peo=initial pressure of carbon monoxide 
or of a subsequent mixture of car- 
bon monoxide with air, taken for 
dilution. (This is the existing 
barometric pressure in mm Hg, 
before dilution.) 
final gage pressure in Ib/in.? 
value of PV/nRT for carbon monox- 
ide (or N, on the second dilution) 
at 1 atm and temperature 7; 


value of PV/nRT for air 
the pressure P, and t. 
T; 

initial cylinder tempera 
abs.) 

evlinder 


final temperat 


abs.). 


The carbon monoxide used to prepare thy 
standard samples was analyzed by the appar 
and methods described by J. R. Branham. \ 
Shepherd, and S. Schuhmann [1].? 


The analysis was 
CO 97.94 percent by volume 
H» 2.03 percent by volume 


Fe (CQ), 0.03 percent by volume 


The Fe (CO); was determined by condensing |) 


from a measured large volum 


sample, at approximately — 160° C, in a condens 


substance 


equipped with glass-wool filter, and determini 
the iron. 

This reference method as described and « 
rected is good to less than 0.1 percent by volun 
of carbon monoxide. The pressures measured ¥ 
good to 4 lb/in.? (0.2 percent at maximum pres 
The temperatures were measured t 
The maximum over-#l! uncertainty in | 


sure). 
deg C. 
paring such mixtures at near the maximum opera! 
ing pressures is about 0.0001 percent of carl 
monoxide, and the probable uncertainty is less 

In the case of the two samples considered in t! 
report, Sample 1 serves for a study of reprod 
ibility and sample 2 for a study of both accura 
and reproducibility. When the samples ¥ 
issued for analysis, it was thought that the | 
position of both was known to the desired sig! 
cance, but review of the preparation of the fir 
sample places too great an uncertainty upo! 
composition, and accordingly it will serve onl) 
a means of showing the degree of reproducih 
to be expected in the approximate range of ( 
percent of carbon monoxide. 

The standard samples were transferred to sma 
cylinders for distribution to the various lab 
tories. This was done by connecting the } 
cylinder containing a standard sample and ‘ 
small cylinders to a manifold. The whole syst" 
was evacuated and tested for tightness. 
to the final filling under high pressure, the ©! 

3 Figures in brackets indicate the literature references at 


paper. 
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Nsing U Ficure | Freque ney-distribulion plot for the analysis of a known sample of carbon monoxide in air. 
olum 
condens . 
vlinders were alternately evacuated and flushed directly to the Bureau and have been assembled 
‘termi! ‘ . . : ; 

ith the standard sample. for general study. Some really fine analytical 

The laboratories were thus assured of receiving work has been reported. 
and - . 
yee lentical samples. The analytical results are tabulated (table 1 
Vv Vou . ° ° 
. and are also presented in two frequency-distribu- 
sured ¥ II. Analytical Results i * 
tion plots, one for each sample (figs. 1 and 2). 

num presi ,,, poss , ; 

The two samples were submitted as unknowns, These plots show graphically the major facts to 


ed te 


itv in} 


be derived from the analytical data. Each point 
or circle of the frequency-distribution plots rep- 
resents the amount of carbon monoxide found by 


nd no cooperating laboratory was given informa- 
ion concerning their composition other than the 
eneral statement that the mixtures were carbon 
results were reported a single analysis, corrected by whatever factor 
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Figure 2.—Fre quency-distribtion plot for the analysis of a known sample of carbon monoxide in air. 
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was furnished by the reporting laboratory. The example, the plot for sample 1 (fig. bottop 


circles are plotted equidistant on the ordinate section (results by all methods) shows | hat soy, 
corresponding to their value. Thus, the abscissas separate analyses yielded the value 0 (400 py. 
are percentages of carbon monoxide derived from cent, one analysis gave the value 0.0398 perce, 
the analyses, and the ordinates indicate the fre- two analyses gave the value 0.0397 percent 


quency With which these percentages occur. For so on 


TABLE 1.—Cooperative analysis ef two Standard Samples of carbon monoride in air, by reference methods use 
laboratories working for the Armed Forces 


Carbon monoxide Corrected averages Deviations of the 
found (percent- percentage by corrected aver 
age by volume volume ages from 

Labora- Notes reg 
tory Analytical method ture of the 
number Average Known Average Known et 
composi- ComMposi- composi- composi 
tion of tion of tion of tion of 
sample 1 | sample 2| sample 1 sample 2 


Maximum devia- 
tions from 


Sample! Sample2 Sample! Sample 2 


A verage 
lodometric, based on Graham ‘ 
0. 0359 0106 i (value 0 

method, using the AGA appara ri 
0365 Owl 0. 0106 —(). 0082 —(). OOO2 (Average 


tus ) 
| value 


lodometric—- Graham procedure, 0384 0108 
with desicchlora, silica gel, As- ogg2 O107 
carite, P2Os, 1:05 at 160° C, 3% 0393 0102 Pwo trains emy 
KI solution 0304 0106 oo02 0. 0009 0. 0006 
0380 o107 
0886 O112 
0391 0106 0108 
O404 
0407 
0397 
0382 0106 


lodometric—Goldman and Brandt 
Am. J. Public Health 32, 475 


1942 


0391 0109 
lodometri« 
O1lo 
oll 0109 
0380 0105 
0384 0106 
Oxidation of CO over Hopcalite 0379 0108 
at 100° C, absorption of CO» in 0882 Values include 
barium hydroxide and acidi- 0382 i eator blank 
metric determination 0387 | 
0388 
O3s4 OOO 
0895 oll 


O303¢ OLORs 
(8965 Olli 
Reduction of mercuric oxide and O308, 0109 
ad A verage in 
gravimetric determination of the 0397, O1L10s 
mercury lost OS04, OLLI, 
039% O112; 
0396s O100s5 o110 +. O02 


correctior 








0896, +. O02 
Calorimetr O40 013 013 +. O07 +. 0022 22 1 measurement 

O40 oO107 
O40 0109 
O40 O13 
O40 O15 
O40 0107 
40 O08 
0107 
0107 
5 NBS colorimetric laboratory 0107 
method 0109 
0107 
oll 
O13 
O15 
O108 
O113 
Olli 

Olli 0110 +. 0002 0007 

* Not known 
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ooperative analysis of two Standard Samples of carbon monoxide in air, by reference methods used in various 


bottom 
Continued 


at laboratories working for the Armed Forces 

S@Ver 

4(() per. 

. Corrected averages Deviations of the 
(percentage by corrected aver- 
volume) ages from 


Carbon monoxide 
found (percent- 
age by volume) 


Maximum devia- 


S Derren: 
perce tions from 


Notes regarding the na- 


ent 


v all the methods employed. 


Analytical method 


Sample 1 Sample2 Sample | 


toughton method 0. 0877 0. 0098 


. 0384 0106 
. 0871 01038 
0374 0098 
0371 DOSS 
0383 . 0095 
0393 0097 
0392 . 0095 
0384 0107 
0403 0106 
0390 0108 
0393 . 0098 
0390 0088 
0383 0100 
0393 0097 
0392 0100 
0384 0107 
0407 0106 
0394 0103 
0397 0098 
0394 OSS 
0387 0100 
0397 0097 
0396 0100 
. 0388 . 0107 

0105 


toughton method, which includes 
absorption of CO in blood, sub- 
sequent removal therefrom by 
Van Slyke procedures, and final 
determination by absorption in 





ymrmoniacal cuprous chloride in a 
Scholander-Roughton micropi- | 


pette. Four sets of results were 


submitted See remarks.) 


O06 
0107 
. 0107 


* Not known 
1. Sample 1 


Practically the whole story of sample 1 can be 
en in figure 1. The bottom section gives a 
icture of the distribution of analytical results 
Most of the results 
re clustered between the values 0.0380 and 0.0400, 
ith the greatest frequency near and at the higher 
alue. If the five low results by the iodometric 
1ethod are eliminated, the arithmetical average 
f all other results is 0.0392; and with the highest 
nd the lowest 10 percent of all values dropped, 
ie average is 0.0393. This value is taken as the 
verage result of the analyses of sample 1. 

These data are in turn broken down to obtain 
¢ picture of each of the analytical methods used. 
‘he second section from the bottom of this plot 
ves this picture for the iodometric method (I), 
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14—47 5 


Sample 2 


ture of the corrections, 
Known etc 
com posi- 
tion of 
sample 2 


Average Known Average 
composi- composi- com posi- 
tion of tion of tion of 
sample 1 sample 2) sample 1 


{Individual determina- 


—). 0010 
| tions not reported. 


0. OO9S —0). OO16 


0. 0022 


0.0020 |.. 
Values first reported 


First values corrected for 
an error found in one 
apparatus 


0100 


Corrected values cor- 
rected for excess of ni- 
trogen in the sample 


over the amount in air. 





O100 


Results from the im- 
proved method, which 


oma consists in using a 300- 
, ml sample instead of a 


30-m] sample 


generally called the iodine pentoxide method [2]. 
Referring now to the table, it is noted from columns 
1 and 2 that four laboratories used this method, 
with some variations, and that the five low results 
reported are from one of the four laboratories. 
The values for this method are relatively scattered 
and suggest the need for standardizing the actual 
procedures used. The average of all results by 
this method is 0.0383, lower than the average 
value by all methods; the average of all results 
after dropping the five low ones is 0.0392, in good 
agreement with the average value by all methods. 

The next section of the plot gives the results 
reported by an acidimetric method (II) [3). 
According to this method, carbon monoxide is con- 
verted to carbon dioxide by Hopcalite at 100° C, 
barium 


The 


and the carbon dioxide is absorbed in 
hydroxide and determined acidimetrically. 
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results plotted are corrected for an indicator 
blank of 0.001. These results are well grouped 
and all are lower than the average value by all 
methods. The average is 0.0383. 

The next section gives the results [4] from a 
gravimetric method (II1) that depends upon the 
reduction of mercuric oxide at 175° C. Carbon 
monoxide is calculated from the measured loss 
of weight of the oxide. These results are very 
well clustered near the general average value, 
with an average of 0.0395, and leave little to be 
desired, even by the most exacting analysts. 

The next section gives one point reported by a 
“calorimetric method” (IV), wherein the rise of 
temperature produced by the combustion on 
Hopelalite at 100° C is measured by a mereury- 
in-glass thermometer. 

Section V gives values obtained by the NBS 
colorimetric method [5]. When CO occurs in 
amounts as large as 0.03 to 0.04 percent, it is 
estimated to the nearest 0.001 percent by this 
method. The apparent excellent reproducibility 
should accordingly not be misunderstood because 
the choice here was merely between 0.039, 0.040, 
or 0.041 percent, and the observations indicated 
an even 0.040 percent. 

The Roughton method outlined in section VI 
employs the following procedures. The sample 
is freed from oxygen, and thereafter the carbon 
monoxide is absorbed by prolonged contact with 
blood. The blood is then freed from other gases 
by Van Slyke procedures in the Van Slyke mano- 
metric apparatus, and after removal of these gases, 
the carbon monoxide is liberated, and the final 
residue of carbon monoxide is transferred to a 
Scholander-Roughton microsyringe and there ab- 
sorbed in ammoniacal cuprous chloride. 

The original results obtained by this method 
are those indicated by the filled circles. One 
laboratory reported an average of 0.0377 percent, 
and another reported an average of 0.0382 percent. 
The results are badly scattered. Later the second 
laboratory reported an average of 0.0391, based 
on corrections made for an error found. These 
results are indicated by the half-filled circles. 
Still later, these results were in turn corrected be- 
cause of the fact that the measurement of the 
sample was based upon the determination of 
nitrogen in the sample and the assumption that 
the sample was air and carbon monoxide, whereas 
slightly more nitrogen was actually in the sample 
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than corresponded to the compositio, of air 
The third set of values averaged 0.0393 ( xcluding 
the highest value) and are indicated by ‘he open 
circles. The results are still somewhat scatters 
though the average has finally reached the probe. 
ble value, which attests to the astonishinvly skill. 
ful manipulation that must have been accorded 
each step of this devious procedure. 


2. Sample 2 


Sample 2 seems to have been the inspiration fo, 
some really fine analytical work. The frequency 
distribution plot for this sample appears in figuy 
2. Dotted boundaries have been drawn 0.00) 
percent away from the known value of 0.0j0§ 
The bottom section of the plot gives results ob. 
tained by all methods, and it is at once apparent 
that all but five of these values fall within th: 
+0.001 boundaries. Indeed, most of the analyses 
by the five entirely different methods lie within 
+0.0005 percent of the known value, which is 
more than could have been hoped for. 

The picture for each of the methods is given in 
the upper sections of this frequency-distributinn 
plot. The values obtained by the “iodine pentos- 
ide”’ method (1) do not show the wide distribution 
noted in the plot for sample 1. The one slightly 
low value was not reported from the same labor- 
tory which gave the notably low values for sample 
1. The need for standardization of this method is 
not so apparent in this instance. The average o/ 
all values is 0.0107, in excellent agreement with 
the known value 0.0108. 

Acidimetric values (I1]) are well grouped and 
are all high instead of low this time. All an 
within the +0.001 boundary. The average 
0.0115. 

Gravimetric values (IIT) are consistently group- 
ed and all are within 0.0004 of the known valw 
The average, 0.0110 (0.0109,), is slightly high 
This method seems to have given the most cov- 
sistent over-all performance with the low and high 
range of composition. The error for each samp! 
was small, and apparently systematic. Thus, ' 
redetermination of the blank or possibly a check 
of the measurement of the volume of the samp! 
might establish an average in even closer agree 
ment with the known value, if there is any desir 
to do so. 

A single high point is noted for the calormetr 
method (IV). 
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ormetric method (V) yielded values 

| grouped, all within the + 0.001 bound- 
| mostly within the + 0.0005 boundaries. 
he fact that all values noted are odd numbers 
llows merely because the standard colors pre- 
red for comparison with the unknown repre- 
nted numerically even percentages, and the 
‘knowns are, of course, placed between the 


andards when the color readings are made. 


As before, several sets of values were reported 
mm the second laboratory employing the physi- 
ogical method, each set in succession approaching 


e known value more closely. The first set 
losed circles) yielded an average of 0.0099 
reent. (The first of the laboratories using 
is method reported 0.0098 percent.) The second 
t, corrected for a discovered error, gave an 
‘erage of 0.0100 (half-closed circles). The third 
t, corrected for the nitrogen ratio before men- 
med, did not change by a significant amount. 
here is also a fourth set, obtained with a 300-cm* 
mple instead of a 30-cm* sample. These determi- 
tions (open circles) yielded an average of 0.0107. 
Further brief study may be devoted to the 
tails given in the tabulated data. The data 
ren in columns 5 and 6 are worth a moment’s 
iditional reflection. With the exception that is 
bviously out of line with the other data, the 
eatest deviation of an average value from the 
own value for sample 2 is 0.0009, and this 
‘ludes all methods. This means that if the 
alyst is not inclined to take a chance with a 
igle determination, but instead has a sufficiently 
althy curiosity to perform a series of analyses, 

chance of getting very close to the correct 
swer with any of these methods is good. If 
is not too concerned with accuracy, a single 
termination might leave him in error by amounts 
rying from 0.0002 up to 0.002 percent (dropping 
‘outside value obtained by method IV), with 
good chance of his being off by no greater than 
008 in this range of composition. 


IV. Practical Considerations 


Factors like ease of manipulation, time required, 
mplexity, cost and difficulty of maintaining 
paratus, complications that may be involved 
removing interfering substances, range of 
Plicability, and such matters for practical 
sideration have so far not been discussed. The 
ection of a reference method for a particular 
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purpose should include an appraisal from this 
angle, but as such matters often involve personal 
judgment to an embarrassing degree, no formal 
rating of these characteristics will be ventured. 
However, an informal review is in order. The 
following are general considerations. 

1. All of the methods demand the use of known 
mixtures of carbon monoxide in air for calibration 
and regular check of performance. The colori- 
metric method requires the continual use of known 
mixtures. 

2. All of the methods must make provision for 
interfering substances, although curiously enough, 
the interference in the Roughton method occurs 
within the analytical procedures rather than as 
the usual prelude to them. This comes about 
because blood is specific with respect to absorption 
of the carbon monoxide from the sample; but after 
this initial step, the carbon monoxide must be 
separated from the interfering gases in solution in 
the blood. Contrasted to this, the other methods 
are susceptible to interfering gases, such as un- 
saturated compounds and heavy organic vapors, 
that must be removed as the initial step. This is 
true even for the acidimetric method, for, while 
the catalyst used to oxidize carbon monoxide is 
specific for this gas, nevertheless, it is susceptible 
to poisoning. The removal of interfering sub- 
stances. is more simply accomplished with the 
colorimetric and gravimetric methods. (A _pos- 
sible exception may be the removal of hydrogen 
in the gravimetric method. Hydrogen does not 
interfere in the colorimetric method. ) 

3. The iodometric method requires the most 
complicated and costly apparatus and the one 
which is most troublesome to maintain in good 
operating order. The colorimetric method uses 
the simplest and cheapest apparatus and the one 
most easily maintained in running order. 

4. The colorimetric method is not as accurate 
for larger amounts of carbon monoxide, unless the 
original sample is diluted with CO-free air. The 
dilution procedure will make its range compara- 
ble to that of the other methods. 

5. The colorimetric method is by far the most 
rapid, and is by far the easiest to perform. This 
assumes, however, that known mixtures are avail- 
able under pressure. The time spent in preparing 
such mixtures is not a serious factor when con- 
sidering the exceedingly long life of the mixture. 
However, the apparatus required to prepare such 
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mixtures, although not expensive, must be as- — [2] J. Ivor Graham, The accurate determina 


monoxide in gas mixtures, Soc. (} 
10-4T (1919). 


[3] Cobb Chemical Laboratory, Universit, 


sembled with a great deal of care, and is almost 
useless for any other purpose. It would accord- 
ingly be desirable to establish a suitable common “ge cP : 
. f University, Va. (Unpublished report 
source Of such mixtures. rT. 42 +" . 
are - [4] Arnold Beckman, National Technical La! 
Pasadena, Calif. (Unpublished report 
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A Magnetic-Lens Electron Spectrometer: Radiations 
from 5.3 Year Cobalt” 


By Leonard C. Miller and Leon F. Curtiss 


An improved magnetic-lens spectrometer, similar in principle to that described by 


Deutseh, Elliott, and Evans ' has been constructed. 


of calibration, using a ThB+C deposit, is described. 


The structure, operation, and method 


Results of measurements of the pri- 


mary beta-ray spectrum of Co” and of the gamma-ray spectrum converted in a uranium 


radiator are given. 
Elliott, and Roberts? of 0.308 


1.30 +0.03 Mev, given by the same authors. 


I. Introduction 


An electron spectrometer for the study of 
diations from radioactive substances has been 
mstruected and put into use at the Bureau. 
he spectrometer is of the magnetic thin-lens 
pe, similar in principle to that built by Deutsch * 
il his coworkers at the Massachusetts Institute 
Technology. Many of the modifications in- 
porated in the Bureau instrument are based on 
introduced by R. Wilkinson and W. 
all in the instrument they assembled at Clinton 
aboratories in Oak Ridge. A description of 
me of these features, following that given by 


Ose 


iem in their classified report on the instrument, 
included. 
M. Deutseh, L. G. Elliott, and R. D. Evans, Rev. Sci. Instr. 15, 178 (1944 


M. Deutsch, L. G. Elliott, and A. Roberts, Phys. Rev. 68, 193 (1945). 


ytnote i 


These give an end point of 0.310 for the value reported by Deutsch, 
+ 0.008 million electron volt (Mev). 


measured at 1.16 and 1.32 Mev, likewise in agreement with the values of 1.10 


Two gamma rays were 
t 0.03 and 


Radiations from 5.3 yr Co™ were studied as the 
initial work. 


II. Description of the Spectrometer 


The spectrometer tube consists of a cylindrical 
vacuum chamber. On the axis of the chamber is 
mounted at one end a source of radioactive mate- 
rial; at the other end is a thin-window Geiger- 
Miller; counter, which acts as a detector. The 
lens coil is mounted coaxially with the chamber 
fig. 1). The electrons travel down the 
spectrometer tube, with their paths restricted by 
a set of baffles. 

Electrons of different energies are focused on 
the counter window by using different currents in 
the lens coil. Information about the radiations 
from the source can then be obtained by varying 
the current through the coil and recording the 


(see 








Figure 1.—Longitudinal section of thin magnetic-lens spectrometer. 


baffles; A», adjustable baffle moved from outside by rod, R; C, lens coils; L, 


lead baffle at center of lens; P, connection to pumps; §, 


source, |, gate valve with rubber gasket to close vacuum chamber. GM, Geiger-Miller counter with mica window 
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number of counts registered by the detector 
each current setting. 


1. Spectrometer Chamber 


The chamber consists of a brass tube 6% in. 
in outside diameter, \-in. wall thickness, and 
about 6% ftinlength. The end plates are grooved 
and provided with rubber gaskets to make the 


vacuum seals. The opening through the source 


end plate is provided with a Wilson seal, through 
which passes a 1\-in. brass tube on which the 


radioactive source is mounted. A gate valve 
with a small chamber at this end, which can be 
evacuated, provides a means for inserting or re- 
moving sources without destroying the vacuum 
in the main chamber. 

The opening through the end plate of the main 
chamber is also equipped with a Wilson seal to 
accommodate a 2-in. brass tube, in which the 
Geiger-Miiller counter is mounted. The position 
of the detector can thus be adjusted without 
breaking the vacuum in the main chamber. 

The pumping system consists of an oil diffusion 
pump backed by a Cenco Megavac pump. A 
pressure of about 5x 10-° mm of Hg can easily 
be attained. It was found that for most purposes 
a pressure of about 10~? mm of Hg, attainable with 
the Megavac alone, was quite adequate. 

The baffle system shown in figure 1 serves to 
define the transmitted beam and to reduce the 
undesirable effects due to scattering. The ad- 
justable baffle, B;, may be moved by means of a 
4-in. rod, 2, attached to it and passing through a 
Wilson seal in the radiation source end plate of 
the spectrometer chamber. The position of this 
baffle affects the width of the annulus through 
which focused electrons pass, and thus the resolu- 
tion of the instrument. The solid lead cylinders, 
L, on the axis of the spectrometer reduce the 
gamma-ray background in the counter. 


2. Lens Coil 


The coil was wound on a brass spool, providing 
a coil width of 10 em. No. 14 glass-insulated 
copper wire was used, each layer containing 
about 52 turns. Leads were brought out to a 
terminal board after the first 1,326 turns, the 
next 1,020, the next 867, and the last 765. The 
coil as a whole has an inner radius of 10 cm and 


an outer radius of about 25 em. Each of the four 


360 


sections has a resistance of about 9 ohiis, anq ;| 
separate terminals to each of them 
their use in various combinations. 

During the winding, a sheet of copper of 29.) 
thickness was placed over the winding every { : 
layers. These copper sheets, 19 in all, ha 
tongues projecting through slots in the sides 
the brass spool. The tongues are soldered jy, 
brass blocks that are water-cooled. This arrany 
ment allows for the dissipation of about 1.500 ¥ 
in the coil without an excessive temperature 
in the copper winding. 


3. Regulation of the Coil Current 


The current for the lens coil is provided }y 
separate motor-generator set. This current 
regulated by a method similar to that used 
connection with the Berkeley cyclotron. 1) 
regulation and control circuits are shown 
figures 2 and 3. 

The generator field requires current up to 
amp. This current forms the plate current 9 
10 6L6 tubes connected in parallel. Regulatioy 
of the output of the generator is attained )y 
causing the output current to control the grids ¢ 
the 6L6’s, as explained below. 

As can be seen from figure 2, the grid volta 
of the 6L6’s will vary with the grid of the 6S” 
The grid of the 6SJ7 is connected to a network 
containing a 920 twin-photocell tube, so that i 
voltage will depend on the relative illumination 
of the two photocells. Illumination of the phot 
cells is provided by a galvanometer lamp, and the 
circuit containing this galvanometer is shown 
figure 3. A double-pole, double-throw switc 
provides for either shorting the galvanometer 
putting it into the circuit. A_ 1,000-ohm potent 
ometer provides for adjustment of the sensitiv 
and damping of the galvanometer. 

When the galvanometer is in the circuit it 's 
series with the low-voltage winding of a 6. 
filament transformer (or part of it selected by « 
10K potentiometer), with a 0.001-ohm shunt, a0 
a variable voltage, V,, (from 6 to about 30 m 
The output current of the generator (i. e. ‘ 
lens-coil current) is fed through the 0.001-0l0 
shunt. The direction of this current is such the! 
the voltage developed across the shunt oppo 
V,. The galvanometer coil then assumes a pes 
tion determined by the balance between the 
two voltages. 
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Ficure 2. 
Ru." Ry, 2,500 ohms, 10 w.; 
100,000 ohms wire wound precision; Ry, Ru, Ri, . . 
F, generator field; M, ammeter; '’, 
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Figure 3.— Diagram of circuit for the photocell galvanometer. 


Py, 0,000 ohms; Ra, 70 ohms; Ry Rs, 1,000 ohms; Rs, 10,000-ohm potenti- 

ne ‘RP, transformer with 6.3 v secondary winding. B, 1.5 v dry cell 
meter coils. S, connection to 0.00l-ohm shunt in series with 
mature and coils of spectrometer. 


Magnetic-Lens Electron Spectrometer 


Diagram of circuit for stabilizing current in the lens coils of the spectrometer. 

Rs, Rs, 50,000 ohms; R,, Rw, 3 megohms; Rs, Rs, 10,000 ohms; FR, 5,000 ohms; Rs, Ry, 10 mMegohms; Ry, 20 Megohms; Py», 
. 0.5 megohm; Ry, 200,000 ohms; 7), 72, Ts, V R105; 7), 920 phototube; 75, 6C5; T>, 6837 
separate voltage supply for screen grids of 6L6 tubes 


Ts15—6L4. 


If the lens current tends to change, the balance 
in this circuit is upset so as to change the deflection 
of the galvanometer coil. The resulting change of 
illumination on the photocells changes the grid volt- 
age of the 6SJ7 and hence the cathode voltage of the 
6L6’s, so as to change the generator field current to 
counteract the original change of the generator out- 
put. The lens current is in this way stabilized to 
about 0.1 percent. The presence of the low-voltage 
winding of a 6.3-v filament transformer is for the 
purpose of reducing fluctuations that might result 
from a tendency of the circuit to overcompensate. 

Various settings of the lens current are obtained 
by selecting various values of V;. The current is 
measured by passing it through an accurately 
calibrated shunt and measuring the voltage drop 
across it with a potentiometer. 

In assembling the circuit, the photocell and its 
galvanometer are mounted separately on a wall 
bracket. This prevents any vibrations associated 
with operating the controls from upsetting the 
equilibrium of the galvanometer. 

The 10 6L6’s are mounted on a separate chassis, 
This chassis also contains a power pack supplying 
all voltages for the photocell circuit. A second 
chassis contains a power supply which provides 
screen voltage for the 6L6’s. The rest of the 
circuit, including the meter, M, which indicates 


361 





the field current (the plate current of the 6L6’s), 
the switch, S, for the 220-v d-e line, and the V, 
voltage supply, are mounted on a third chassis, 
the control (which contains the three 
VR105 tubes, the 6SJ7 and 6C5, and their associ- 
ated resistors). 

When the circuit was first assembled the 
cathodes of the 6Z6’s (rather than the grids, as 
shown in fig. 2) were tied down to the point marked 
zero voltage (between the first and second VR105 
tubes). Difficulty however, 
because of the tendency of the circuit to go into 
high-frequency oscillation despite the presence of 
separate half-megohm resistors in the grid circuits 
of the 6L6’s. When the points at which the 
grids and cathodes of the 6L6’s are tied into the 
control circuit were interchanged (to give the 
this difficulty was elimi- 


chassis 


was encountered, 


circuit shown in fig. 2), 
nated. 

In adjusting the circuit for operation, one pro- 
ceeds as follows: V, is set at zero. The galvanome- 
ter position is adjusted to illuminate both photo- 
cells approximately equally. Switch S is then 
closed (the switch in the output circuit of the 
generator is kept open during this adjustment), 
and the grid of the 6SJ7 is adjusted by moving the 
tap on the 5,000-ohm potentiometer so that the 
plate current of the 6L6’s has just begun to rise. 
Before closing the switch in the output circuit of 
the generator, the following test should be made. 
As V; is increased the light from the galvanometer 
lamp will sweep across the “increase’’ photocell 
(there being no opposing voltage from the 0.001- 
ohm shunt) until it leaves the photocell surfaces 
completely. As this takes place the plate current 
should pass through its maximum and then down 
to a value not far from 0. A low 6L6 plate cur- 
rent with zero illumination provides against a 
sudden large current rise should the galvanometer 
lamp burn out or its light leave the photocell 
The maximum 
6L6 plate current should be adjusted in accordance 
with the arrangement of coil sections that is being 
used, by adjusting the 6L6 grid voltage through 
the tap on the 5,000-ohm potentiometer. 


III. Radiations From 5.3 Yr Co” 
1. Calibration 


surfaces for some other reason. 


For the initial work the source and detector 
were placed 100 em apart, corresponding to a focal 
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distance of 25 em. The Geiger-Miille coyp),, 
which serves as a detector, has an opening 5 sal 
in diameter, and the mica window, Which sek 
this opening, has a surface density of approx. 
mately 3.5 mg/em?. 

The momentum of the focused electrons js oy. 
pressible as Hp, where p is the radius of the oy. 
cular orbit these electrons would have in a yj. 
form magnetic field, H. As the electron paths jy 
the thin-lens spectrometer are quite complicated 
no attempt is made to use the spectrometer as qy 
absolute instrument. Instead, use is made of tly 
fact that the lens coil contains no iron, so that tly 
field, 7, is proportional to the current, J. Henge 
for a given source-detector arrangement, we may 
write Hp=kI. k may be determined by study- 
ing electrons, whose momentum is well know 
For this purpose the conversion electrons from , 
deposit of thorium B were used. Curves obtained 
with such a source are shown in figures 4 and 5 

In obtaining the data for figure 4, the fow 
sections of the lens coil were connected in paralle! 
With such an arrangement of coils and a 100-«m 
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Spectrum of conversion electrons from ThB 
deposit used for calibration. 








Ficure 4. 


All four coils in parallel. ThB No. 6; 4 coils paralie! 
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ouree-deiector distance, electrons up to an energy 
(2.5 Mev (with the present cooling provisions 
or the coil) ean be studied. Higher energies are 
btained by increasing the source-detector dis- 


ance, but at a sacrifice in resolution. 


In the spectrometer paper by Deutsch,‘ the Hp 


‘alues for the two pronounced lines shown in 
are given as 1,385 and 1,750. The first 
its peak at 3.48 amp, giving a & value 
ampere) of 398. The second line has its 
138 amp. This corresponds to a coil 
of 399, and is a good check. 
additional check some preliminary data 

ave been obtained on the high-energy conversion 

ne from the thorium source (from thorium C). 

he peak oceurs at about 25.1 amp. If we use 

he Hp value of 10,080 given by Rutherford, 

‘hadwick, and Ellis,, we again obtain a coil con- 

tant of 399. This serves to establish the linearity 

f the instrument throughout its This 

sult is to be expected, as care was taken in 


range. 


onstruction to exclude any iron from the vicinity 
f the coil; the magnetic field and coil current are 
hen related linearly throughout the range. 
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Spectrum of conversion electrons from ThB+C 


deposit used for calibration. 


iter coils only in parallel. ThB No. 6; 2 outer coils 11, 


ford, J. Chadwick, C. D. Ellis. Radiations from radioactive 


#69 (Cambridge Univ. Press, London, 1930). 


agnetic-Lens Electron Spectrometer 


In figure 5 the thorium B spectrum is shown for 
another arrangement of the coil sections, namely, 
the two outer sections alone, in parallel. This 
arrangement is useful in the study of lower-energy 
radiations. With a 100-cm source-detector dis- 
tance, electron energies up to 0.65 Mev can be 
studied with the present coil-cooling system. The 
two-section arrangement gives higher resolution 
than that of the four-section coil, or, for a given 
resolution, higher counting rates can be obtained 
when using the two-section arrangement. 

In figure 5 the two strong thorium B lines occur 
at 5.20 and 6.55 amp. These give coil constants 
for this arrangement of 266 and 267 Hp per am- 
pere, respectively. 


2. Gamma Rays From 5.3 yr Co” 


The 5.3 yr Co® isotope was found useful in 
determining some of the characteristics of the 
spectrometer. The supply of this isotope con- 
sisted of 50 mg of cobalt metal that had been 
irradiated for about 6 weeks in the pile at Clinton 
Laboratories. 

For the spectrometer study a radiation source 
having a gamma-ray strength equivalent to 
about 5 millicuries of radium was prepared. The 
active material is placed in a brass capsule having 
a minimum wall thickness of 1 mm, so that all 
beta rays are The radiator, from 
which the gamma rays eject photoelectrons, is 
placed as close as possible to the active material 
(in the present case about 1 mm). The radiator 
is placed in the same position as the thorium 
deposit used in the calibration work. 


absorbed. 


The photoelectrons from the radiator are focused 
by the spectrometer. The photoelectron peaks 
are superimposed upon a broad distribution of 
Compton electrons, ejected mostly from the brass 
capsule. The determination of the energy of the 
photoelectrons enables a determination of the 
The radiations from 5.3 yr 
curve 


gamma-ray energies. 
Co” have been reported by Deutsch. A 
showing data on the gamma rays from this isotope 
is given in figure 6. 

For this curve all four coil sections, in parallel, 
The radiator was a uranium foil of 
The curve shows L 


were used. 
surface density 23 mg/cm ?. 
photoelectron peaks for the two gamma rays in 


*M. Deutsch, L. G. Elliott, and A. Roberts, Phys. Rev. 68, 193 (1945). 
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Ficure 6.—Spectrum showing the conversion spectrum for 
Co” gamma rays in uranium radiator, of thickness 23 
mg/cm. 


Four coils in parallel. Coy No. 2; V-23 radiator; 4 coils parallel. 


addition to the pronounced K groups. The more 
complete structure in this curve over that of 
Deutsch is probably due to the use of uranium as 
radiator material instead of lead. The strength 
of the source made it possible to use a baffle 
arrangement giving fairly high resolution. The 
photoelectron peaks in figure 6 have a half-width 
(A p/p, where p is the momentum) of about 0.02. 

Knowing the binding energies of the K and L 
electrons in uranium, we can compute the energies 
of the two gamma rays from 5.3 yr Co”. For 
the low-energy gamma ray, the K-electron peak 
is at 12.25 amp. Using the coil constant of 399 
Hp per ampere, we get an Hp value for these 
photoelectrons of 4,890, or an energy of 1.045 
Mev. Adding the A-binding energy of uranium, 
0.115 Mev, there is obtained a gamma-ray energy 
of 1.16 Mev. The L-electron peak occurs at 
13.125 amp, corresponding to an Hp of 5,240, and 
energy of 1.14 Mev. Adding the Z-binding energy 
of uranium, 0.022 Mev, we again get a gamma-ray 
energy of 1.16 Mev. Similarly, the K and L 
electron groups from the high-energy gamma ray 
give us a value of 1.32 Mev for the gamma-ray 
energy. We estimate the values to be correct 
within 3 percent. The values given by Deutsch 
are 1.10+0.003 Mev and 1.30+0.03 Mev. 

Figure 7 shows a graph of the beta-ray spectrum 
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of 5.3 yr Co”. The source was made by evapo, 
rating a solution of cobalt nitrate on an aluminyy 
foil having a surface density of 2 mgm? 1, 
active material itself was also estimated to | 


about 2 mg/cm.’ As the beta rays are of {gir 
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Figure 7.—Beta-ray spectrum of CO”. 
Co é No. 3. 
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Fiaure 8.—Fermi plot of Co™ beta-ray spectrum. 





Co™; Fermi plot 


low energy, a thinner mica window (1.3 mgm 
was used to cover the opening in the Geiget 
Miller counter. 

A Fermi plot of the data is shown in figure 
It gives an end point of 0.310 Mev. We estunal 
the uncertainty to be about 3 percent. Deutse! 
value for the end-point energy is 0.308 + "." 
Mev. 


Wasuinetron, October 24, 1946. 
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Preparation and Physical Properties of Several 
Aliphatic Hydrocarbons and Intermediates’ 


By Frank L. Howard, Thomas W. Mears, A. Fookson, Philip Pomerantz, and 
Donald B. Brooks 


In the course of a continuing investigation of the knock ratings of aliphatic hydro- 


carbons, pure paraffins and olefins have been prepared in quantities sufficient for engine 


tests. This reports describes the methods of preparation and purification of three pentanes, 


four hexanes, three heptanes, four octanes, eight nonanes, seven decanes, four hexenes, five 


octenes, six nonenes, six decenes, and a number of alcohols, ketones, esters, and alkyl halides. 


Most of these compounds were highly purified. 


Physical constants measured include freezing 


point, boiling point, and its variation with pressure, refractive index, and density, and their 


variations with temperature. ** 


I. Introduction 


In 1934 the Automotive Section of the National 
Bureau of Standards undertook an investigation 
of the impurities in the certified “isooctane” ' 
used as a primary standard in the knock rating of 
fuels. In the course of this work, about a score 
of paraffin hydrocarbons were isolated, and their 
physical properties and knock ratings were de- 
termined [4].2. The information obtained in this 
work indicated that some of the higher paraffin 
hydrocarbons should be decidedly superior to 
isooctane in knock rating. 

The results of this work led in 1936, to a pro- 
posal to the National Advisory Committee for 
Aeronautics that a research project be initiated 
with the objective of preparing, in quantities 
sufficient for engine test, the paraffin hydrocar- 
bons likely to be of interest as components of 
combat aviation fuel. This project was author- 
ized to start July 1, 1937, under joint sponsorship 
f the National Advisory Committee for Aero- 
mautics, the Army Air Corps (later, Army Air 


mg cn 
Geiget 


hgure § paper has been issued by the National Advisory Committee for 

sas Technical Note No. 1247 (1947 

of the compounds investigated, 2,2,3,3-tetramethylpentane, 
methylpentane, 2,4-dimethyl-3-isopropylpentane, 2 pentamethyl- 
nd 3,3,4,4tetramethylhexane, are believed to be new ones. 

ve “isooectane”’ is a widely accepted trivial name for 2,2,4-tri- 
tane. This nomenclature is used throughout this report 

n brackets indicate the literature references at the end of this 
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Forces), and the Navy Bureau of Aeronautics, 
and has been actively prosecuted since that time. 

The results of portions of this investigation 
completed prior to 1940 have been described in 
earlier publications [4, 5, 6, 7]. The present 
paper describes the syntheses and physical proper- 
ties of a number of aliphatic hydrocarbons, some 
of which have been covered in special restricted 
reports to the NACA Subcommittee on Aircraft 
Fuels and Lubricants. 

As the objective of this work was the prepara- 
tion of pure hydrocarbons for engine testing to 
determine knock rating, it was generally necessary 
to subordinate other considerations to this purpose. 
In many cases, it was therefore not possible to 
make detailed studies of the reactions, or to de- 
termine the properties of some of the new or little- 
known intermediates. 


Il. Apparatus 
l. Reaction Vessels 


Small-scale exploratory reactions were generally 
carried out in 5-liter glass flasks. In some cases, 
where an unusually low yield of final product was 
expected, 12-liter flasks were used.’ For synthe- 
sis on a larger scale, two copper reactors were 

* The use of 12-liter flasks was discontinue d in 1944, and reactions of this 


size were then conducted in 14-liter brass double-walled vessels similar to 
the reaction vessels described later 
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used initially. Each of these reactors had a 
capacity of 60 liters and was double-walled. 
Water at any desired temperature between 5° 
and 75° C could be circulated in the space between 
the walls to control the temperature of the re- 
action. The reactors were equipped with multiple 
paddle stirrers (60 to 200 rpm), reflux condensers 
(multiple copper tube), separatory funnels for 
addition of reactants, and draw-off valves for 
removal of products. These reactors were used 
until early in 1944, when two 50-gallon kettles 
(one glass-lined, one stainless steel) were put into 
service. The copper reactors were then used as 
distillation receivers in conjunction with the large 
kettles. The large kettles were standard com- 
mercial items and were installed so that any 
temperature between 5° and 150° C could be 
maintained in the jackets. 


2. Hydrogenation Apparatus 


Hydrogenation reactions were accomplished in 
high-pressure hydrogenators designed after those 
described by Adkins [1]. Three sizes were used, 
with capacities of 1, 3, and 20 liters. The catalyst 
used was a commercial nickel-on-kieselguhr prep- 
aration, which proved to be economical and effi- 
cient. No difficulty was encountered in hydro- 
genating any of the materials, provided they were 
halogen free. Most of the hydrogenation re- 
actions took place at temperatures below 160° C, 
and pressures below 2,000 |b/in*. 


3. Stills 


For convenience, the various stills used in this 
work are designated in the text by numbers. The 
salient features of these stills are given in table 1. 
Some of these columns are no longer in use, having 
been supplanted by others of later designs. Oper- 
ations formerly performed in columns | and 2 
were later carried out in 19 and 20, and columns 
8 and 9 were replaced by 17 and 18. Column 10 
was abandoned in 1942, when column 11 was put 
into operation. Columns 3 to 7 were replaced by 
columns 21 to 27 late in 1945. 

Still 1.—This still has been previously de- 
scribed [7]. The reflux rate was approximately 
1,500 ml/hr in most cases, the take-off rate being 
governed by the composition of the charge and 
the purity desired in the product. Samples of 78 
ml each were removed automatically at predeter- 
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TABLE 1.—Dhstillation colun 


Still No Type Size Packing 


cm 
Total reflux in- 600 by 4.0 3/16-in. Pyrex helic: 
termittent 
take-off 


Totalreflux var- 150 by 2.0 3/16-in. glass helices 
iable take-off 
do 15 by 2.2 3/32-in. stainles 
steel helices fron 
0.010-in, wire 
do 
3/16-in. glass helices 
do 
70 by 1.1 1/16-in. Nichrome 
helices from 0.010 
in. wire 
10 by 1.0 3/4 in. stainless 
steel helices from 
0.0065-in. wire 
243 by 5.1 Sash chain 
600 by 5.1 35-in I/2-in. car 
bon raschig rings, 
then 200 in. 3/32 
in. stainless steel 
helices from 0.010- 
in. wire 
1,400 by 10.2) 3/8-in. porcelain 
raschig rings 
1,400 by 5.1_| 19.7 in. 3/8-in. porce 
lain raschig rings, 
followed by 600- 
in. 3/32-in. stain 
less steel helices 
from 0.010-in. wire 
do 1,600 by 2.7 do 
Podbielniak hy- 127 by 0.8 Heli-grid 
percal 
do 127 by 


2.5 do 
do 250 by 2.5 do 
3 


Dephlegmator 120 by 3.5 3/16-in. glass helices 


controlled 
take-off 
Totalreflux var- 183 by 2.5 3/32-in. s tainless 
iable take-off steel helices from 
0.010-in. wire 
do si 183 by 2.5 3/16-in. glass helices 


* See text 


mined intervals of \% to 24 hr. The efficiency 
approximately 90 to 95 theoretical plates, and 1 
holdup is 260 ml. 

Still 2.—The column of this still consists of 15 
actual plates, following the design by J. I 
Bruun [8]. The volume of each fraction I 
moved was 65 ml. Reflux rate was about 5 
mi/hr. This still has also been described (/ 
The mechanisms of operation and sample 
moval are the same as for still 1. 

In both stills (1 and 2) the head temperatur 
was followed during the day by means of a plat- 
num resistance thermometer, and the timig 
operations were scheduled so that samples We" 
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when this temperature (corrected to 760 
mm Hg beeame reasonably constant (generally 
to within a change of less than 0.005 deg C/hr). 
Spills 3 to 9.—Small stills patterned after those 
described by Whitmore and Lux [40] were used to 
remove ether from reaction mixtures, for purifica- 
tion of intermediates, for preliminary purification 
of final products, and for fractionation of small 
These stills are designated as 3 to 9 in 


remove 


charges. 
table | 


Still 10.—Prior to the construction of other 


large-capacity stills, still 10 was used for prelim- 


inary fractionation of commercial synthetic crudes. 
The pot was part of a domestic hot-water tank, 
the column a length of 2-in. pipe. The take-off 
was governed by a \-in. needle valve. 

Still 11.—In order to have a higher-capacity, 
higher-efficiency still than No. 10, still 11 was 
constructed. The entire still is made of monel 
metal. The reflux rate is about 4 liters/hr, as 
measured by gain in temperature of the condenser 
water. The take-off rate is governed by a com- 
mercial \-in. solenoid valve operated by an auto- 
matic-timing device. The efficiency of the still is 
about 65 theoretical plates under operating con- 
ditions (3.5 to 4.5 liters/hr reflux). Safety devices 
include overflow tanks for the salvaging of material 
distilled through the condenser if the water is 
accidently cut off, a product-overflow tank for 
retaining material that may be delivered because 
of faulty operation of the solenoid valve, and a 
pot-temperature limit control. All openings to 
the still are vented to the outside of the building. 

Stills 12 to 16. 
for analysis of commercial crudes, purification of 
large quantities of material, and isolation of 
hydrocarbons from commercial mixtures. These 
were put into operation in 1943, and later (1945) 
column 11 was lengthened by 4 ft and added to 
The take-off on all these stills is 
governed by a timer and small solenoid valves. 
Condensers in the larger columns are of the mul- 
tiple cold-finger type. The columns are heated 
by resistance wire controlled by variable trans- 
formers. Temperatures are measured by copper- 
constantan thermocouples. 

Safety devices include overflow tanks, automatic 
pot-temperature limit control, forced ventilation, 
automatic earbon dioxide fire control (controlled 
by thermal plugs), and automatic warning if the 
atmosphere approaches a combustible mixture. 


These columns were constructed 


the group. 


Aliphatic Hydrocarbons 


The pots of stills 12 to 16 are made of mild 
steel. The columns of stills 12 and 13 are made 
of galvanized pipe; the columns of stills 14 and 
15 are made of stainless steel. The condensers 
are of copper, brass, or monel metal. 

Credit is due M. R. Fenske [16], of the Petroleum 
Refining Laboratory at Pennsylvania State Col- 
lege, for advice on the design and operation of 
stills 11 to 16. 


Ill. Methods and Technic 
1. Preparation of Grignard Reagents 


The preparation of Grignard reagents in large 
quantities (up to 330 moles) has been found to be 
subject to the same limitations as the preparation 
of small amounts, except that the yields, in general, 
are slightly larger. The methods used in typical 
runs of representative members of the aliphatic 
series are given below, and are not repeated in the 
discussion of the various syntheses. Decomposi- 
tion of reaction complexes formed by the action 
of Grignard reagents on various compounds fol- 
lowed the classical methods and need not be re- 
peated. 

Methylmagnesium bromide.—To the reactor was 
added 100 gram atoms (2.43 kg) of magnesium 
turnings and enough ether to cover the magne- 
sium.. A small amount of methyl bromide was 
added. If reaction did not start immediately, a 
little methyl iodide (or previously prepared Grig- 
nard added. After reaction had 
been initiated, the stirrer was started, and methyl 
bromide from a cylinder supported from a steel- 
yard was allowed to flow through a coil of copper 
tubing surrounded by a dry-ice bath where it 
condensed and dropped into the reaction mixture. 
Flow was regulated by a small needle valve. 
After the reaction was well started, cooling water 
was admitted to the jacket, and methyl bromide 
was added as fast as it would react. During the 
addition of methyl bromide, ether was added in 
2-liter portions until the total ether added was 
20 liters (200 ml/gram atom of magnesium). The 
amount of methyl bromide added was determined 
by the loss of weight of the cylinder, and it was 
found that practically no methyl bromide was 
lost during the operation. After addition of 
methyl bromide was complete, the reaction mix- 
ture was warmed for 2 to 3 hr. If the mixture 
contained sludge or pieces of unreacted magnesium, 


reagent) was 
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it was allowed to stand until the sludge had settled, 
then the clear solution was siphoned off. The 
sludge was then washed with dry ether, allowed 
to settle, and the siphoning procedure repeated. 
If the amount of sludge was small, this latter 
operation was advantageously carried out in a 
separatory funnel, where the sludge could be 
drawn off easily. 

The yields varied from 88 to 95 percent, based 
on magnesium as determined by titration. Simi- 
lar yields were realized when ethylmagnesium 
chloride was prepared, but in this case slower 
addition of halide was necessary in order to avoid 
the formation of appreciable amounts of sludge. 

Isopropylmagnesium chloride—Magnesium turn- 
ings (1.5 kg, 63 gram atoms) and 5 liters of ether 
were placed in the reactor, and reaction was started 
by the addition of a small amount of isopropyl 
chloride. After the reaction was initiated, the 
stirrer was started and 1 liter of isopropyl chloride 
in 2 liters of ether was added slowly. After this 
first charge of chloride was complete, 5 liters of 
ether and the rest of the magnesium (1.5 kg, 63 
gram atoms) were added, and cooling water was 
circulated through the jacket. Then the rest of 
the chloride and ether was added in the ratio of 1 
liter of chloride to 2.0 to 2.5 liters of ether, until a 
total of 125 moles of chloride and 37.5 liters of 
ether had been used. This addition was carried 
out as fast as possible, still keeping the reflux from 
the condenser dropwise and not in a steady stream. 
About 35 hrs were required for a 125-mole run. 
After removal of the clear solution from the sludge, 
the yield, calculated from titration data, amounted 
to 90 to 93 percent of the theoretical quantity. 

t-Butylmagnesium chloride—This preparation 
was carried out in essentially the same manner 
described above for the preparation of isopropyl- 
magnesium chloride, except that the addition of 
chloride was necessarily slower, in order to retard 
formation of hexamethylethane, isobutylene, and 
diisobutylene. A 70-mole run required approxi- 
mately 35 hr. The latter half of the chloride 
added was more dilute than the first half [33], and 
the rate of addition was slowed up progressively 
as the reaction neared completion. The jacket of 
the reactor was not cooled as much in this prepara- 
tion as with the less highly branched halides. 
The tendency of t-butyl chloride to form sludge 
is much greater than that of the simpler halides, 
although many runs were made in which practi- 
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cally no sludge was observed. 
from 80 to 92 percent. 


The yielis varie 


2. Determination of Physical Properties 


From the plots of refractive indices, boilin 
points, or freezing points of fractions with respect 
to volume of distillate, those fractions containiy» 
the “best’’ material were selected and used for the 
determination of physical constants. 

The methods used for the determination 9 
physical constants have been described previous) 
[6]. The freezing-point apparatus was modified 
in December 1944, so that additional contro} o 
the rate of cooling could be obtained. This was 
done by installing a pumping system on the eva- 
uated chamber surrounding the sample, so tha 
the rate of cooling could be governed by the pres- 
sure in the evacuated chamber. This modif- 
cation of the equipment has been adequately 
described by Mair [24]. 

The freezing-point data on 2,2,5,5-tetramethyi- 
hexane are considered representative and an 
illustrated in figure 2. Boiling-point data o 
samples of four compounds are shown in figure | 
These figures are presented as typical examples of 
actual measured physical properties. 
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Ficure 1.—Distillation curves of four hydrocarbons. 
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Ficure 2.—Freezing curve of 2,2,5,5-tetramethylhexane. 
Refractive indices were measured on an Abbe 
ye (Valentine) refractometer until 1943, when a 
wusch & Lomb “precision oil” refractometer 
lso Abbe type) was put into use. Table 6 lists 
measured physical properties of the com- 
bunds herein. 
A rough estimate of the purity of the individual 
mpounds may be made from the “A7:20 to 
percent” listed beside the boiling-point data 
table 6. This figure is the number of degrees 
fference temperature at which 
) percent of the material had distilled and the 
mperature at which 80 percent had distilled. 
1 presence of peroxides in the olefin samples 
nd to make this value extraordinarily large. 
e ultimate measure of purity is made by a 


between the 


nsideration of the freezing point. 


IV. Preparation of Materials 


l. n-Pentane 


One gallon of n-pentane, which was obtained 

purchase, was fractionated in still 1. From 

is distillation there was obtained 1,792 ml of 

, the fractions of which had a refractive 

np) of 1.3574 to 1.3575. A “best’’ sam- 

> was selected for determination of physical 
mstants 


2. 2-Methylbutane (Isopentane) 


One gallon of commercial isopentane was frac- 
nated in still 1. There was obtained 2,200 ml 
material, mp=1.3535 to 1.3536, which was 
lected while the head temperature of the col- 
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umn was 27.87° to 27.88° C. Later, a total of 
47 liters of high-purity material was prepared 
from the same source by fractionation in still 11. 


3. 2,2-Dimethylpropane (Neopentane) 


In 1933 Whitmore and Fleming [36] described 
the preparation of neopentane by reaction be- 
tween methylmagnesium chloride and t-butyl 
chloride in toluene at 45° to 50°C. Yields of 42 
to 50 percent were reported. In the present work, 
a method is described whereby somewhat larger 
yields of purer product were obtained. 

In this work, neopentane was prepared by 
action of dimethyl zine on t-butyl chloride in 
toluene at 5° C. The advantage of causing reac- 
tion at this temperature, rather than the often 
used higher temperature (35° to 50° C) for reac- 
tions of this type has been previously demonstra- 
ted [19]. Dimethyl zinc was prepared in the 
manner previously reported [19]. However, 
certain improvements in the technic of handling 
this material have been made. For these im- 
provements credit is due N. L. Drake and A. 
Sadle, of the University of Maryland [12]. 

A 5 liter, single-neck flask, which was used for 
dimethyl zine preparation, was placed in an oil 
bath, and fitted with a 400-mm reflux condenser. 
To the top of the condenser was attached a 
bridge of 10-mm glass tubing, which led to the 
top of a similar reflux condenser attached to a 
5-liter, three-neck flask. This latter flask, into 
which dimethyl zine was distilled, was situated 
in a cold-water bath and was provided with a 
separatory funnel (500 ml) and a stirrer. A side 
arm on the bridge provided for the introduction 
of inert gas (carbon dioxide). 

The zine-copper couple from 960 g of zine dust 
and 120 g of cupric oxide was placed in the one- 
neck flask, and 1,100 g (7.75 moles) of methyl 
iodide added. The temperature of the oil bath 
was raised to about 45° C, and a slow stream of 
carbon dioxide was passed in the side arm of the 
bridge and out through the separatory funnel, into 
a venting tube made of 25-mm glass tubing. 
Reaction between methyl iodide and the couple 
was complete after 10 hr, provided that the 
couple was sufficiently active. When reaction 
had ceased, as shown by the cessation of reflux, 
the carbon dioxide flow was stopped, 500 ml of 
toluene was added to the three-neck flask, and 
the top of the separatory funnel was fitted with a 
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T-tube. The reflux condenser on the one-neck 
flask was heated with steam, and the temperature 
of the oil bath was gradually raised over a period 
of 2 hr to about 180° C. This caused the methyl- 
zine iodide in the flask to decompose into dimethyl 
zine (and zine iodide). The dimethyl zine dis- 
tilled across the bridge into the toluene in the 
three-neck flask. Carbon dioxide was allowed to 
flow through the top of the T-tube while dis- 
tillation of dimethyl zine was in progress. 

After distillation of dimethyl zine was complete, 
the single-neck flask was allowed to cool and the 
side arm on the bridge connected to a gas-purifica- 
tion train comprising, in the order named, a wash 
bottle containing water, two bottles containing 
85 percent sulfuric acid, an empty bottle, one con- 
taining 40 percent potassium hydroxide, a calcium 
chloride drying tower, and a 100- by 1.5-cm tube 
filled with silica gel. After passing through this 
train, the gas was led into a condensing system 
comprising a copper-coil condenser at — 10° C, a 
receiver at —78° C, and finally a trap at —78° C. 

The flask containing toluene and dimethyl zine 
was cooled to 5° C, and 525 ml (about 4.8 moles) 
of t-butyl chloride in 750 ml of dry toluene was 
added during 5 hr. During the addition of 
chloride, methane was evolved by the reaction. 
After the addition of chloride was complete, the 
reaction mixture was allowed to stand 15 hr. 
Then the bath temperature was raised gradually 
to 50° C, during which time more gas was given 
off, which was not affected by the sulfuric acid 
and which did not condense in the —78° C trap. 

Water was then added to the reaction mixture 
through the separatory funnel. It was necessary 
to exercise considerable care in this operation as 
a violent evolution of neopentane took place at 
This gas was condensed in the — 10°C 
condenser and solidified in the receiver. There 
was no discoloration of the sulfuric acid. After 
about 200 ml of water had been added, and the 
evolution of gas had subsided, the apparatus was 


this point. 


swept out with nitrogen. 

The resulting neopentane was transferred to a 
glass tube and sealed. The yield amounted to 
164.5 g, which is 59 percent of that theoretically 
possible, based on one-half the amount of methyl 
iodide used. (Two moles of methyl iodide give 
1 mole of dimethyl zine.) 

The residue from the distillation of dimethyl 
zine, which contained zine iodide, was used to 
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prepare additional methyl iodide by tic 
described in Organic Syntheses [28]. 

In assembling the apparatus, corks eouted with 
shellac, rather than rubber stoppers, were 


Method 


User 
exclusively. In one preliminary experiment. } 
which rubber stoppers were used, the product = 
contaminated with a material that had the ody 
of methyl mercaptan. Where rubber tubing y 
necessary in making connections to the side ar 
on the bridge, arrangement was made so that ; 


ts 


minimum of rubber surface was exposed. 

The yield reported on the first run was verifie 
later, when nine additional runs of this prepary. 
tion were made, in which an average yield of 63, 
percent was obtained. In two of these runs. tly 
couple was less active than in the other prepars- 
tions, and the product was contaminated wit} 
methyl iodide. The presence of methyl iodid 
was characterized by a pink color that develope 
in the product after a few days. The yield ob. 
tained in one run was low because a stoppay 
developed in the purification train, and som 
material was lost through a loosened connectio; 

Freezing-point measurements made on the ma 
terial from three experiments gave the value 
—16.61°, —16.61°, and —16.60° C, respectively 
These values may be compared with the valu 
—16.63° +0.10° C calculated for the freezing 
point of 100-percent pure neopentane by Asiw 
and Messerly [2]. 


4. 3-Methylpentane 


From 75.2 moles of ethylmagnesium chlo 
and 37 moles of ethyl acetate there was prepar 
3,660 ml of 3-methyl-3-pantanol, which we 
purified by distillation in column 7 (bp 120 
124° C at 760 mm). Dehydration of this carbine 
by refluxing with 0.2 percent 8-naphthalene su: 
fonic acid yielded a mixture of alkenes that boil 
at 65° to 71° C at 758 mm. This dehydratio 
would be expected to yield chiefly 3-methy!- 
pentene, with a smaller amount of 2-ethy!-!- 
butene. No attempt was made to separate (! 
two olefins as both compounds yield the sau 
alkane when hydrogenated. Hydrogenation ©! 
this mixture gave crude alkane, which was fil er 
through silica gel and distilled in column + ' 
yield 1,980 ml of material that boiled at 64.5 
65.5° C (uncorrected). Redistillation in colum 
1 gave 1,420 ml of hydrocarbon made up of fre 
tions removed while the head temperature 
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2 319 63.322° C (761.1 mm Hg) and for 


hich np — 1.3764 to 1.3765. 


5 2,.2-Dimethylbutane (Neohexane) 


The synthesis of neehexane has been reported 
eviously from this laboratory [7]. Since then, 
commercial” neohexane has become available. 
overal charges of this material were fractionated 
, stills | and 2. From each run, only the latter 
alf of the distillate consisted of material having 
1c properties of neohexane. The forerun con- 
ained an impurity of higher refractive index and 
ad a slightly lower boiling point. No extensive 
vestigation was made of this forerun, but the 
ist likely impurity was cyclopentane. This 
ict was later substantiated by the manufacturer. 
A total of 38 liters of purified neohexane was 
repared by fractionation of 75 liters of the com- 
ercial crude mixture in still 11. 


6. 2-Methylpentane 


About 75 liters of commercial crude neohexane 
as fractionated to prepare 38 liters of 2,2-di- 
wthylbutane. From the distillations of this 
waterial there was obtained 3,320 ml of residue, 


hich was fractionated in column ‘2 into 46 


fractions: 


Boiling Volume 


| range (°C (ml) 


Refractive 
Fraction 


index n>) 
| 


58.8 to 60.2 1.3748 to 1. 3717 
1.3715 to 1. 3717 
1.3717 to 1.3744 


1, 500 
0.2 to 60.4 1, 300 
0.4 140 


ractions 35 to 37 were combined, filtered through 
ilica gel, and used in the determinations of phys- 
al properties of 2-methylpentane. 


7. Investigation of ‘“‘Butene Alkylate”’ 


Seventy-five liters of “butene alkylate”’ (Humble 
dil Co.) was fractionated in still 10. The head 
‘mperature was measured by means of a record- 
ig thermometer of the gas-expansion type. The 
flux ratio was’ maintained at about 100 to 1. 
ractions of not more than 3.87 liters each were 
illeeted, the volume of the fraction depending 
n the time-temperature curve. After the meas- 
rement of refractive indices, like fractions from 
ifferent runs were combined and refractionated 
istill 2. Fractionation of the lowest boiling por- 
on from still 10 was carried out first, then the 
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second lowest boiling portion was added to the 
residue and fractionated, and so on. The refrac- 
tive index of each fraction was measured, and a 
plot of refractive index versus fraction number 
was made. Samples represented by single plateaus 
were combined and redistilled in column 1 or 2. 
Several hydrocarbons were isolated thereby and 
are listed in table 2. 


TasLe 2.—Hydrocarbons isolated from “ Butene Alkylate’’ 


Boiling 
point at 
760 mr ) 

He . index (np) 


(Cottrell) 


Volume 

of total 

butene 
alkylate * 


Refractive Volume 


y 
Hydrocarbon isolated 


Percent 
3531 to 1.3533 - 0.97 
1.3752 2, 213 97 
2-Methyl pentane 3714 to 1.3716 224 30 
3-Methylpentane 1.3761 to 1.3763 224 30 
1 
1. 
1 


Isopentane 


I 
2, 3-Dimethylbutane 57.§ 1.3749 to 
1 


2, 4-Dimethylpentane 1.3815 to 1.3820 2,610 3.44 
2, 3-Dimethylpentane 9. ¢ 1.3912 to 1.3920 , 034 37 
2, 2. 4-Trimethyl pentane ’ 1.3912 to 1.3915 11, 727 5. 48 


* The data in this column represent the amount isolated having the prop- 


erties shown. It does not constitute an exact analysis of the crude 


(a) 2,3-Dimethylbutane 


The 2,3-dimethylbutane from “‘butene alkylate’”’, 
(2,213 ml) was added to 1,255 ml of 2,3-dimethyl- 
butane of approximately the same purity. (This 
sample of hydrocarbon was furnished by the 
Standard Oil Co. of Indiana, through the courtesy 
of D. P. Barnard and R.F. Marschner). The com- 
bined material was washed with sulfuric acid, 
water, sodium carbonate solution, and again 
with water. After it dried and _ filtered 
through silica gel, it was fractionated in still 2, 
and gave 2,300 ml of material, for vhich n= 1.3748 
to 1.3749. 


was 


{b) 2,4-Dimethylpentane 


The 2,4-dimethylpentane from “‘butene alkylate”’ 
(2,610 ml) was refractionated in still 2. The 
fractions for which n%=1.3816 to 1.3817 were 
reserved as the best portion and amounted to 
985 ml. 


8. 2,3-Dimethylpentane From ‘‘Isooctane”’ 


Seventy-five liters of “isooctane” (Phillips Petro- 
leum Co.) was fractionated in still 10 in the manner 
described in section IV-7. Fractions that dis- 
tilled between 85° and 95° C (n° = 1.3886 to 1.3914) 
were combined (28,051 ml) and refractionated in 
still 11. From this distillation there was obtained 
7,165 ml of hydrocarbon that boiled at 89.7° to 
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90.0° C (n®=1.3918 to 1.3921), which was refrac- 
tionated in still 2. The purified 2,3-dimethylpen- 
tane thereby obtained amounted to 4,790 ml after 
filtration through silica gel. The refractive-index 
range (n*) of various fractions was 1.3919, to 
1.39194. 


9. 2,2,3-Trimethylbutane (Triptane) 


The synthesis of triptane involved the following 
two reactions: (a) The preparation of 2-chloro-2,3- 
dimethylbutane, and (b) the reaction of this 
chloride with dimethyl zine. 


(a) 2-Chloro-2,3-dimethylbutane 


The apparatus used was similar to that described 
by Howard [19] for the preparation of 4-chloro- 
2,4,4-trimethylpentane. It was modified so that 
rubber stoppers were replaced with ground-glass 
connections. The alkene used was a mixture of 
2,3-dimethyl-1-butene and 2,3-dimethyl-2-butene, 
which was formed by dehydration of pinacolyl 
alcohol (3,3-dimethyl-2-butanol) [7]. The original 
alkene mixture contained a small amount of 3,3- 
dimethyl-1-butene in addition to the above-named 
hexenes, but this hydrocarbon was removed for 
use in another synthesis. 

In 2 hr, 1,500 ml of the alkene mixture, along 
with excess hydrogen chloride, was passed through 
two chambers kept in a bath at —78° C. Occa- 
sionally it was necessary to remove the baths in 
order to allow the solidified chloride to melt and 
pass on through the apparatus. The product was 
washed with water, with 5 percent sodium bicar- 
bonate solution, again with water, and dried with 
two successive portions of fresh anhydrous potas- 
sium carbonate. Distillation of the resulting 
material in column 3 gave, after a forerun of 
unchanged alkene, 675 g of 2-chloro-2,3-dimethyl- 
butane (bp 69° to 70° C at 190 mm Hg). 


(b) Synthesis of Triptane 


In an apparatus like that which was used in the 
preparation of neopentane (section IV-3), di- 
methyl zine was prepared from 1,100 g (7.75 
moles) of methyl iodide and distilled into a 5- 
liter flask containing 500 ml of toluene. The 
flask was surrounded by ice, and the chloride 
(600 g, 5 moles) in 1,000 ml of toluene was added 
during 4 hr. The mixture was allowed to stand 
for 16 hr, and was then treated with water and 
with dilute hydrochloric acid. The reaction 
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product (2,060 ml) was fractionated in columy ; 
to give a small amount of methyl iodide, som, 
olefinic material presumably consisting of 4. 
methylbutenes formed by dehydrochlorination oj 
alkyl chloride, and 297 ml ‘of crude tripiane boi. 


ing at 78° to 83° C, with nZ=1.3932. Two pas- 


sages through siliea gel give a product of th 
following properties, compared with those of 
high-purity material: 


This prepara- | High-puri: 
tion material {7 


Refractive index (n??) 1, 3807 


Density (d??) 0. 6896 

Freezing point (°C) — 26.1 

Boiling point (°C) 81.0 
(Cottrell 


The yield of crude triptane amounted to 5) 
percent of the theoretical. 

In subsequent experiments it was found that « 
large excess of alkyl chloride offered no advantag 
a 2 to 3 percent excess giving a comparable yield 
The excess chloride was found to be easily re. 
moved by boiling the crude mixture with a 5 
percent solution of potassium hydroxide 
alcohol. 

In each of several experiments, the yield 
amounted to 46 to 52 percent of crude triptan 


The time allowed for addition of chloride was 


varied from 3 to 8 hr and the temperature o/ 
reaction from 0° to 30° C without any appreciab) 
change in yield. In one experiment, in whic! 
“isooctane” (2,2,4-trimethylpentane) was used « 
a solvent, the yield was 48 percent. 

Under the conditions of hydrochlorinatio 
2,3-dimethyl-1-butene was found to add hydroge 
chloride more easily than 2,3-dimethyl-2-buten 
The unreacted alkene that was recovered whe 
a mixture of the two was hydrochlorinated wi 
found to be practically pure 2,3-dimethyl-- 
butene. 

Very slight decomposition of 
dimethylbutane takes place when it is boiled « 
atmospheric pressure. 


10. 2-Methyl-3-ethylpentane 


This octane was prepared by hydrogenation © 
the olefins which resulted from the dehydration 
of 2-methyl-3-ethyl-3-pentanol. The carbinol we 
prepared by the action of ethylmagnesium chlo 
ride on isobutyl isobutyrate. 
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lution containing 90 moles of ethyl- 
» chloride in 20 liters of ether was added 
335 ¢ (44 moles) of isobutyl isobutyrate in 10.5 
iters of ether. The product was dried with sodium 
arbonate and distilled in column 6. There was 
tained 5,680 ml of 2-methyl-3-ethyl-3-pentanol 
57°C at 48 mm Hg). Dehydration was 
flected by refluxing the carbinol with 0.2 percent 
y weight of 6-naphthalene sulfonic acid, which 
pave 5.235 ml of erude alkene mixture, boiling at 
14° to 119°C. As dehydration of 2-methyl-3- 
thyl-3-pentanol should yield two alkenes, namely, 
_methyl-3-ethyl-2-pentene (bp ca 117°C) and 
-methyl-3-ethyl-2-pentene (bp ca 116°C), both 
f which yield the same alkane on hydrogenation, 
bo attempt was made to separate the two. The 
lkene mixture was dried with calcium chloride 
nd distilled from sodium. A portion of the dis- 
illate (4,721 ml) was hydrogenated to the alkane, 
hich, after two distillations from sodium and 
ltration through silica gel, amounted to 4,050 ml. 
he compound was finally fractionated in still 1, 
ielding 3,300 ml of material, which had a refrac- 
ive index constant within 0.0001. 


To a 


yagnesi 


ll. 2,3,3-Trimethylpentane 


This hydrocarbon resulted from the reaction 
etween isopropylmagnesium chloride and t-amyl 
hloride. 

To 90.5 moles of isopropylmagnesium chloride 
1 30.9 liters of ether solution was added 9,600 ¢ 
0) moles) of t-amyl chloride during a period of 
bout 12 hr. Stirring was continued until separa- 
ion of solid material prevented adequate mixing. 
hen the reaction mixture was allowed to stand 
to 3 weeks at 15° to 20°C until no more Grig- 
ard reagent was present. The product 
reated with ice and dilute hydrochloric acid and 
1¢ resulting organic material distilled in column 3. 
fter a forerun of ether, isoamylene, and t-amyl 
hioride there was obtained 4,400 ml of crude 
5,3-trimethylpentane (31% yield), which boiled 
12° to 115°C. When refractionated in column 1, 
e crude paraffin gave 3,600 ml of fractions for 
hich nj=1.4074 to 1.4075. Redistillation of 
‘cumulated foreruns from several batches gave 
nm additional quantity of pure material. From 
veral runs a total of 39 liters of pure 2,3,3- 
imethylpentane was prepared. 

Early experiments on this preparation were 


was 
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made in which a large excess of Grignard reagent 
was assumed to be desirable, but it was found that 
the yield of product was actually decreased by an 
excess of Grignard reagent. For example, in one 
run in which 72 moles of isopropylmagnesium 
chloride was allowed to react with 57 moles of 
f-amyl chloride, the yield of 2,3,3-trimethyl- 
pentane was only 21 percent. Credit is due 
Doctors Calingaert, Beatty, and Soroos |9] for the 
discovery of this improvement in technic, which 
they made in connection with a similar reaction. 


12. 2,2,3-Trimethylpentane and 
2,3,4-Trimethylpentane 


There was prepared, by fractionation of several 
cuts of alkylate mixtures, 38.6 liters of 2,2,3- 
trimethylpentane and 37.9 liters of 2,3,4-tri- 
methylpentane. The source materials were se- 
lected fractions of Shell Oil Co. “hot acid octane” 
(208 liters), Phillips Petroleum Co. “isooctane” 
(38 liters), Universal Oil Products Co. “isooctane” 
(45 liters), and previously prepared synthetic 
material (0.6 liter) [6]. The unresolved alkylates 
and residues were roughly fractionated in stills 10 
and 11 into concentrates rich in 2,2,3-trimethyl- 
pentane and 2,3,4-trimethylpentane. These con- 
centrates were redistilled in column 11. Most of 
the material was obtained by these distillations. 
Foreruns, intermediates, and afterruns were again 
fractionated in stills 1 and 2. From a total of 47 
distillations there was obtained 38,610 ml (at 25° 
C) of 2,2,3-trimethylpentane (n7’=1.4026 to 
1.4029) and 37,955 ml (at 25° C) of 2,3,4-tri- 
methylpentane (n?’= 1.4041 to 1.4045). Physical 
constants of the two compounds were measured 
and agreed well with those measured on the pure 
materials, as reported previously [6, 7]. 


13. 2,2,5-Trimethylhexane 


The presence of 2,2,5-trimethylhexane in “‘iso- 
octane residue’ was reported by Brooks, Cleaton, 
and Carter in 1937 [4]. By distillation of 76 liters 
of this material * in still 10, a concentrate rich in 
this nonane was obtained. This concentrate 
(4,525 ml, bp 123° to 125° C, n?=1.399 to 1.400) 
was refractionated in still 1. There was obtained 
2,005 ml of 2,2,5-trimethylhexane, with a re- 
fractive-index range of 1.3995-1.3996. 


‘ Supplied by the Rohm & Haas Co. 





14. 2,3,5-Trimethylhexane 


This nonane was prepared by hydrogenating 
2,3,5-trimethyl-2-hexene, which resulted from the 
reaction of isopropylmagnesium chloride on 1- 
chloro-2,3-dimethyl-2-butene. There was also 
formed a small amount of 2,3,3,4-tetramethyl-1- 


pentene in this reaction. 
(a) 2,3-Dimethyl-1,3-butadiene 

Pinacol hydrate, prepared by the method of 
Brooks, Howard, and Crafton [7] was dehydrated 
to anhydrous pinacol by distillation in columns 
4 to 7. These distillations were carried out at 
atmospheric pressure until the head temperature 
reached 122° C, when the pressure was reduced to 
80 mm Hg. At this pressure the anhydrous 
pinacol distilled at 111° to 114°C. 

In order to determine the optimum conditions 
for conversion of the glycol to 2,3-dimethyl-1,3- 
butadiene, a series of test runs were made. The 
results are shown in table’ 3. In these experi- 
ments the pinacol was refluxed with the catalyst 
under columns 5 or 7. The product of each run 
was washed, dried, and distilled in column 6 for 
analysis. From the results of these experiments 
it was concluded that 48 percent hydrobromiec acid 
was the best catalyst of those tried for this de- 
hydration. By dehydrating several batches of 
pinacol (2.5 to 3.0 kg per batch), 17.4 liters of 
2,3-dimethyl-1,3-butadiene was prepared, which 
boiled at 68.5° to 71.5° C at 758 mm. 


TABLE 3.— Dehydration of pinacol to 2,3-dimethylbutadiene- 


1,3 and pinacolone (3,3-dimethyl-2-butanone) 


Yield of 


Pinacol 


Run taken Catalyst | Di- 
methyl! 


butadiene 


Pina- 
colone 


Percent 


453 «1.5 ¢ of 48-percent hydrobromuic 45 


acid 
5.0 g of @naphthalene sulfonic 36 
acid 
5.0 g of p-toluene sulfonic acid 40 
7.0 ¢ of aniline hydrobromide. 1s 


1-Chloro-2,3-dimethyl-2-butene 


The addition of hydrogen chloride to 2,3- 
dimethyl-1,3-butadiene was accomplished in the 
apparatus described by Howard [19]. The reac- 
tion chambers were kept at —30° C, and dry 
hydrogen chloride and alkadiene was added simul- 
taneously. The daily output of the apparatus 
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was 1.0 to 1.5 liters of chloride. Th. prodye: 
was freed of dissolved hydrogen chlorid. by gery. 
tion with carbon dioxide and stored over sodiyy 
carbonate. Distillation analysis showed that 4), 
reaction was practically quantitative. ‘The prod. 
uct used for further synthesis boiled at 32° ¢ 
45 mm Hg. 


{ 


(c) 2,3,5-Trimethy]-2-hexane 


To an ether solution of 62 moles of isopropyl. 
magnesium chloride was added 7.32 kg of 1-chlor. 
2,3-dimethyl-2-butene. The reaction mixtyy 
became very viscous, and it was necessary | 
add more ether at intervals. The reaction wa 
worked up after 4 days, and the organic materi 
was dried, the ether removed, and the crude residy 
distilled through column 3 (bp 70° to71° Cat 90mm 
n®=1.4299). Although there was no apprecia)); 
forerun, a large amount of high-boiling materi! 
(175° to 200° C) was present. This material was 
not identified, but is presumed to be polymer 
(dimers and trimers) of the alkadiene, forme 
under the influence of the Grignard reagent. 

The crude 2,3,5-trimethyl-2-hexene containe 
a considerable quantity of chloride, the greater 
part of which was removed by boiling with aleo- 
holic potassium hydroxide. Hydrogenation of tly 
crude alkene gave 2,3,5-trimethylhexane, whic! 
was filtered through silica gel and distilled 
column 3. From 2,500 ml of material there was 
obtained 900 ml that boiled at 131.9° C (n% 
1.4060 to 1.4061) and 50 ml of a hydrocarbon t 
boiled at 141.9° C (n%®=1.4218). The latter was 
identified as 2,3,3,4-tetramethylpentane by con- 
parison with a sample prepared in another mav- 
ner. A residue of about 1 liter that boiled abo 
165° C resulted from this distillation. This residw 
was probably formed by the action of potassiu 
hvdroxide or hydrogenation catalyst on the w 
saturated halide which was in the crude olefit 
Obviously, most of the Grignard reagent was dis 
sipated in side reactions rather than by coupling 
with the chloride in the expeeted manner. Th» 
tendency could possibly have been decreased }) 
carrying out the reaction in a more dilute solutio 

This preparation was made in 1939, at the sus 
gestion of C. E. Boord, Ohio State Universit) 
The goal was the preparation of 2,3,5-trimetliy’ 
hexane and 2,3,3,4-tetramethylpentane. Tl 
reaction yielded about 18 parts of the former ' 
part of the latter. These two hydrocarbons pr 
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ted from the action of the Grignard 
beagent on two isomers of 2,3-dimethylchlorobu- 
These two isomers, probably were 1-chloro- 


ably re 


nes 
ees hyl-2-butene, formed by 1,4 addition of 
ua gel chloride to the diolefin, and 3-chloro- 
» 3 dimethyl-I-butene, formed by 1,2 addition. 
The former chloride would be expected to react 


vith isopropylmagnesium chloride to give 2,3,5- 
trimethyl-2-hexene, and the latter chloride to give 


) 3.3. 4-tetramethyl-1-pentene. 

E. T. Cline [10] has made a study of this reac- 
ion. in Which hydrogen bromide, rather than 
wvdrogen chloride, was used. He obtained a ratio 
{alkenes of 1.6 parts of 2,3,5-trimethyl-2-hexene 
o | part of 2,3,3,4-tetramethyl-1-pentene. 


15. 2,2,4-Trimethylhexane 


In 1937 Brooks, Cleaton, and Carter [4] isolated 
in unknown nonane from the residue obtained in 
he distillation of isooctane (2,2,4-trimethylpen- 
ane), which was tentatively identified as 2,2,4- 
rimethylhexane. In order to establish the 
dentity of this hydrocarbon, a sample of 2,2,4- 
rimethylhexane has been prepared, and a com- 
arison of physical properties has been made. 

Diisobutylene was oxidized by sodium dichro- 
nate as described by Whitmore, Homeyer, and 
rent [37] to give trimethylacetic and 
4-dimethyl-2-pentanone (methylneopentyl ke- 
(The oxidation of diisobutylene isomers 


acid 


one). 
s discussed more fully in sections [V—22 and 23.) 
To 7.0 moles of ethylmagnesium chloride in 
1,400 ml of ether solution was added 742 ¢g (6.5 
noles) of 4,4-dimethyl-2-pentanone (bp 124° C 
t 760 mm Hg, n}=1.4038) in 800 ml of dry 
‘ther. The reaction mixture was allowed to stand 
it room temperature for 35 hr, refluxed for 6 hr, 
worked up in the standard manner. 
‘he organic material was washed, dried, and dis- 
illed in column 4. In addition to ether and 
recovered ketone, 409 g (2.9 moles) of 3,5,5-tri- 
nethyl-3-hexanol, and 84 g (0.6 mole) of nonenes 
esulting from premature dehydration of the 
~arbinol obtained. The purified carbinol 
as dehydrated by heating with 6-naphthalene 
ulfonie acid (1 g) to give a mixture of alkenes 
hat boiled 127° to 132° C. The yield was 335 g 
¥1"0). This alkene mixture has been analyzed 
y Whitmore and Cook [35], who found by 
that it contained approximately 3 
3,5,5-trimethyl-2-hexene, 1 part of 


nd then 


were 


»zonoly S18 


arts of 


iphatic Hydrocarbons 


2-ethyl-4,4-dimethyl-l-pentene, and a trace of 
3,5,5-trimethyl-3-hexene. All these compounds 
give the same alkane when hydrogenated, so no 
attempt was made to separate them. 

The alkenes were hydrogenated, and the prod- 
uct filtered through silica gel and distilled in 
The middle 70 percent of the distil- 
temperature, 


column 5. 
late, which distilled at a constant 
was redistilled in the same column; the middle 25 
percent of the distillate from the latter distilla- 
tion was used in the measurement of physical 
properties. The properties of the synthetic mate- 
rial are given in table 6 and are compared with 
those of the compound isolated by Brooks, et al. 
in table 4. The identity of the two is proved by 
data on the freezing point of the 50:50 mixture. 


Tas_e 4.—Properties of 2,2,4-trimethylhexane 


Synthetic 
material 
2,2,4-trimethyl- 
hexane 


Fraction from 
isooctane 


Property 
residue {4} 


Boiling point at 760 mm Hg, °C 126. 54 
Change in boiling point with pressure, 
C/mm He 
Freezing point, °C 123.4 (mp ¥. 53 
Freezing point of mixture, °C —124. 19 
|n?? 1. 4083 40312 
Refractive index) 45 
Inj 1. 4010 
0. 7156 


D 
7118 


0. 0503 


0. 7153 
Density, g/m 


* The published density (0.7048) [4] of the material isolated from “isooctane 


residue” isin error. A recalculation of the original data gave 0.7153; redeter- 


mination gave 0.7154 
16. 2,2-Dimethyl-3-ethylpentane 


The synthesis of 2,2-dimethyl-3-ethylpentane 
was carried out in the following steps: (a) Reac- 
tion of t-butvlmagnesium chloride with carbon 
dioxide to give the “Grignard complex’ of 
trimethylacetic acid, (b) reaction o this complex 
with ethylmagnesium chloride to produce 2,2- 
dimethyl-3-ethyl-3-pentanol, (c) dehydration of 
the carbinol to 4,4-dimethyl-3-ethyl-2-pentene, 
and (d) hydrogenation of the olefin to 2,2- 
dimethyl-3-ethylpentane. 

To 50.2 moles of t-butylmagnesium chloride in 
18 liters of ether, cooled to 5° C, was added 3 kg 
of solid carbon dioxide in small pieces while the 
reaction mixture was being stirred. Stirring was 
continued while the mixture came to room tem- 
perature and while it was heated to reflux for 2 hr. 
It was then cooled, and 104 moles of ethylmag- 
nesium chloride in 20 liters of ether was added 
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slowly. After addition was complete, the mixture 
was stirred for 6 hr and allowed to stand at room 
temperature for 2 days. The product was distilled 
in column 6. From this distillation was obtained 
3,485 g (48.2% yield) of carbinol (bp 90° to 95° C 
at 50 mm Hg, 171° to 176° C at 756 mm Hg, 
np=1.4417,d"=0.851). The carbinol was dehy- 
drated by heating with 8-naphthalene sulfonic acid 
to give 3,600 ml of alkene. Fractionation of the 
crude alkene in column 5 gave 2,680 ml of purified 
4,4-dimethyl-3-ethyl-2-pentene. The alkene was 
hydrogenated and the product filtered through 
silica gel and distilled in column 1. From this 
distillation 1,650 ml of constant-boiling 2,2- 
dimethyl-3-ethylpentane (n= 1.41225 to 1.41230) 
was obtained. 


17. 2,4-Dimethy]-3-ethylpentane 


Preparation of 2,4-dimethyl-3-ethylpentane was 
accomplished by hydrogenation of the alkenes 
that resulted from the dehydration of 2,4-dimethyl- 
3-ethyl-3-pentanol. The carbinol resulted from 
the action of ethylmagnesium chloride on 2,4- 
dimethyl-3-pentanone (diisopropyl ketone). 

To 76.2 moles of ethylmagnesium chloride was 
added 75 moles of 2,4-dimethyl-3-pentanone dur- 
ing 2 days. The product was recovered by addi- 
tion of ice and ammonium chloride to the reaction 
mixture, and by subsequent distillation gave 5,650g 
(52.3%) of 2,4-dimethyl-3-ethyl-3-pentanol. <A 
pure sample was obtained by redistillation of the 
best portion of the crude. 

The carbinol was dehydrated with 8-naphtha- 
lene sulfonic acid to give 6,110 ml of crude alkene 
mixture. A charge of 2 liters of the dehydration 
product was fractionated in column 5 for analysis. 
The individual olefins were recovered in the ratio 
of 77 percent of the lower-boiling 2, 4-dimethyl-3- 
ethyl-2-pentene to 23 percent of the higher- 
boiling 4-methyl-3-isopropy!-2-pentene. A sam- 
ple of each of these isomers was redistilled for 
determination of physical constants. The values 
obtained were: 

2, 4- Dimethyl- 


3-ethyl-2- 
pentene 


4-Methy!-3- 
isopropy!-2- 
pentene 


Boiling point at 740 mm Hg (°C 130. 5 

1. 4227 | 
1.424 
a” 0. 7433 
Ci . 7385 


{n?? 
Refractive index; 95 ~ 
(np -- 


{ 
Deusity | 
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Hydrogenation of samples of boi. alkens 
yielded the same alkane. The alken- mixty, 
(bp 128° to 140°C) was hydrogenated and 4), 
resulting product distilled in column 4. 1, 
portion boiling 136° to 139°C was filtered throyg! 
silica gel and refractionated in column | : 

In 1945 the preparation was repeated op 
somewhat larger scale. For this preparation 
2,4-dimethyl-3-pentanone was fractionated in sii 
11. Only the purest fractions obtained (jy) 
124.6° to 124.7° C, np=1.4015 to 1.4017) wor 
used in the subsequent synthesis. The carbing| 
was the product of reaction of the Crignan 
reagent prepared from 260 moles of ethy! chlorid 
with 223 moles of redistilled ketone. The rege. 
tion product was distilled in column 21 until tly 
head temperature was 130°C. A sample (1,600 ¢ 
of the residue was distilled incolumn 4. From this 
distillation there was obtained 1,130 g of pure car- 
binol (2,4-dimethyl-3-ethyl-3-pentanol) (bp 94.5 
to 95.0° C at 47 mm Hg) and about 200 g of less pun 
material. A sample from the heart of this distills. 
tion was reserved for physical-constant measur- 


a 


ments. 

The rest of the undistilled residue was dehy- 
drated with 8-naphthalene sulfonic acid, and th 
dehydration products were washed, dried, and 
distilled in column 11. Analysis of the distillation 
curve showed the presence of 77 volume percent 
(13.4 liters) of lower-boiling olefin, and 23 volun 
percent (4.0 liters) of the higher-boiling isomer 
In this distillation a best sample from each of th 
plateaus was reserved and redistilled in column 7 
for physical-constant measurements. 

Hydrogenation of the olefins was carried out a 
previously described. The paraffin was fraction- 
ated in columns 17, 18, 19, and 20. There was 
obtained 11,800 ml of pure hydrocarbon for enguw 
tests. 

Physical constants of materials synthesized 1! 
this later preparation are given in table 6. 


18. 2,2,3,3-Tetramethylpentane (Tetrane) 


The synthesis of 2,2,3,3-tetramethylpentane 
new compound, named tetrane) involved (a) prep 
aration of 2,3,3-trimethyl-2-butanol (triptanol) from 
3,3-dimethyl-2-butanone (pinacolone) and methy!- 
magnesium bromide, (b) reaction of this carbine 
with hydrochloric acid to give 2-chlor-2,5,- 
trimethylbutane (triptyl chloride), and (c) reactio® 
of the chloride with ethylmagnesium chloride 
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tripl : 
From S2 moles of pinacolone and 84 moles of 


methyliagnesium bromide, 56.5 moles of 2,3,3- 


trimethy!-2-butanol was prepared. This carbinol 
was dissolved in ether, and the solution was shaken 
with several portions of concentrated hydrochloric 
Samples of the ether solution were removed 
periodically The sublimation point of the crude 
chloride from these samples rose to 131° to 133° C. 
Recystallized chloride was found to sublime at 
133°C. The chloride solution was washed, dried, 
and added to 115 moles of ethylmagnesium chlo- 
ride. The mixture was stirred for 3 hr and then 
allowed to stand for 4 weeks at room temperature. 

After the reaction mixture was worked up, the 
organic material was distilled in column 6, and 
vielded 2,100 ml of recovered triptene (trimethyl- 
butene) and 1,900 ml of crude 2,2,3,3-tetramethyl- 
pentane, Which was contaminated by a consider- 
able amount of triptanol. The carbinol was fil- 
tered off as the hydrate, and the filtrate was dried 
and filtered through silica gel. The volume of 
nonane recovered was 1,250 ml, which represents 
a yield of 9 percent, based on the original pina- 
colone. Distillation of this material in column 4 
gave 1,087 ml of hydrocarbon, which was collected 
at 88.6° to 88.7°-C at 159 mm Hg. A portion of 
this material was recrystallized repeatedly, until 
the refractive index and freezing point were un- 
changed by further crystallization. Physical con- 
stants were determined on this sample. 

A second run of this preparation was made 
later, in which recrystallized triptyl chloride was 
reacted with an equimolar quantity of the Grig- 
nard reagent. In this case the yield was increased 
to 22 percent, based on the chloride. 


acid. 


On authority of the National Advisory Com- 
mittee for Aeronautics, procurement of 10 gallons 
of this hydrocarbon was undertaken in 1941. 
Part of this (2.9 gallons) was prepared at Ohio 
State University under NACA contract. The 
rest Was prepared at the Bureau. This large-scale 
preparation was carried out by a modification of 
the technic developed at Ohio State University 
C. E Boord and K. W. Greenlee) as a part of 
the NACA contract. The chloride was added to 
the Grignard reagent in eight equal portions, in 8 
Successive days, while the reaction mixture was 
kept at 35° C. No coupling catalyst was used. 
lodine was used at O. S. U.) 


Aliphatic Hydrocarbons 


An improved method was devised for the 
preparation of the large quantities of triptyl 
chloride necessary for this synthesis. The equip- 
ment consisted of three reactors, made from 30- 
in. lengths of 12-in. pipe, closed at both ends with 
companion and blind flanges. One end of each 
reactor was fitted with a small steel valve (% in.). 
These reactors were refrigerated (—30° C) and 
were connected to a manifold through which 
hydrogen chloride could be admitted to each. 
The reactors were charged with triptene in wide- 
mouthed bottles and mason jars. The flanges of 
the reactors were secured by and the 
reactors were allowed to stand until cold. Hydro- 
gen chloride was then admitted until the pressure 
was 100 to 120 lb/in®. The pressure gradually 
fell as the gas reacted until the pressure was 
about 50 to 60 lb/in’. Then the process was 
repeated until there was no appreciable change 
in pressure during 1 hr. The excess gas was 
released, the system purged with dry air, and the 
product removed. The yield was _ practically 
quantitative. The product was uncolored and 
contained a small amount of excess hydrogen 
chloride. This excess was converted to alkyl 
chloride by adding a small amount of olefin to 
each jar and allowing to stand until reacted. By 
means of this technic, 20 to 35 liters of triptene 
was converted to the chloride in 1 working day. 
The triptene for this work was kindly supplied 
by the General Motors Research Laboratories, 
through the courtesy of T. A. Boyd and W. G. 
Lovell. 

To 300 moles of ethylmagnesium chloride there 
was added 300 moles of triptyl chloride in eight 
equal portions during 8 days. During this time, 
the reaction mixture was heated to reflux tem- 
perature and stirred. At the end of 2 to 4 addi- 
tional days, when all of the Grignard reagent had 
reacted, the mixture was worked up with ice and 
hydrochloric acid and washed four times with 
water. Distillation of the ether, and of most of 
the triptene, was carried out from the reaction 
kettle. The distillate was dried and redistilled 
in column 12 or 13 for recovery of triptene. 

The residue in the reaction kettle was boiled 
with sodium propylate in propyl alcohol until the 
product was substantially free of chloride. After 
the product was washed, it was steam distilled, 
and the distillate dried and boiled with alcoholic 
silver nitrate to remove the last traces of chloride. 


bolts, 
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Then the product was filtered, washed several 
times, dried, and distilled in columns 11, 18, 19, 
and 20. 

From two runs as described above, which were 
worked up together, there was obtained 14.92 
kg (116.6 moles) of tetrane, which was 99.6 mole 
percent pure. This represents a yield of 19.4 
percent. A total of 21.7 kg was prepared by this 
method. 


19. 2,2,3,4-Tetramethylpentane and 
2,3,3,4-Tetramethylpentane 


Thd first preparation of these two nonanes was 
accomplished by hydrogenation of the alkenes 
[38] formed by the dehydration of 2,2,3,4-tetra- 
methyl-3-pentanol. The carbinoi was prepared 
by the reaction between methylmagnesium bro- 
mide and 2,2,4-trimethyl-3-pentanone. This ke- 
tone was the result of oxidation of 2,2,4-trimethyl- 
3-pentanol, one of the products resulting from the 
action of f-butylmagnesium chloride on isobu- 
tvraldehyde. 

2,2,4-Trimethyl-3-pentanol was prepared by the 
method of Whitmore and Laughlin [38]. To 55 
moles of t-butylmagnesium chloride was added 
3,960 g¢ (55 moles) of isobutyraldehyde. Distilla- 
tion of the organic reaction products gave 4,290 
g (33 moles, 60% yield) of 2,2,4-trimethyl-3- 
pentanol. The carbinol was oxidized to penta- 
methylacetone (2,2,4-trimethyl-3-pentanone) with 
potassium dichromate and sulfuric acid, by the 
method of Faworsky [15]. From 32 moles of 
carbinol there was obtained 3,150 g (24.6 moles, 
77% yield) of ketone, which was distilled in 
column 5. 

The 2,2,4-trimethyl-3-pentanone (24.6 moles) 
in 6 liters of ether was reacted with 26 moles of 
methylmagnesium bromide, and the product was 
distilled in column 5 until the temperature reached 
143°C. At this point dehydration of the carbinol 
was beginning to take place, so the distillation was 
interrupted, and the clear, slightly yellow residue 
(2,950 ml) was dehydrated with 8-naphthalene 
sulfonic acid. 

From the dehydration there resulted 2,410 
ml of alkene mixture, which was dried and 
distilled in column 3. The following fractions were 
obtained: 


Boiling 


range Volume 


Fraction 


°¢ ml 
91 to 119 forerun. 


119 to 124 3,3-dimethyl]-2-isopropyl-1-tuteng 


124 to 129 intermediate. 
130 to 135 2,3,3,4-tetrameth yl-1-pente 
135 residue 


Fractions 2, 3, and 4 represents a combined yiel 
of alkenes of 15.9 moles (65%, based on 294. 
trimethyl-3-pentanone). Samples from the mi. 
dle of the plateaus represented by fractions 2 ay, 
4 were reserved for physical-constant measur. 
ments. No attempt was made to isolate 2.3.44. 
tetramethyl-2-pentene, a very small quantity » 
which was found by Whitmore and Laughlin {3s 

The alkene fraction, which distilled at 119 
to 124° C, was hydrogenated, and the produc: 
was filtered through silica gel and distilled iy 
column 3. There was obtained 1,070 ml o 
hydrocarbon, which boiled 133.7° to 134.1° ( 
np (uncorrected)=1.4147 to 1.4150. Redistillo- 
tion of this material gave 930 ml collected a 
133.8° C. Physical constants were determined o 
a sample from the center of this fraction. 

Alkene fraction 4 was treated in like manne: 
and yielded 347 ml of material colleeted at 142° 
(uncorrected), fractions of which showed a r- 
fractive index range, n? (uncorrected) of 1.4219 
to 1.4220 A sample from this distillation was 
reserved for determination of physical constants 


All intermediate fractions, foreruns, residues 
and material eluted from silica gel were hydr- 
genated and distilled in column 8. In this way 
there was obtained an additional 200 mi of 
2,2,3,4-tetramethylpentane and 145 ml of 2,354 
tetramethylpentane. 

Tests on these two hydrocarbons demonstrated 
the advisability of preparing larger quantities 
Consequently, 10 gallons of each was synthesized 
at Pennsylvania State College, under the direction 
of Frank C. Whitmore, by contract with th 
NACA. 

These hydrocarbons were purified in thes 
laboratories for engine tests by distillation 0 
column 1. New pure samples for measurement (! 
physical constants were obtained concurrently 
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Dimethyl Zinc Synthesis of Three 
Tetramethylpentanes 


The syntheses of three tetramethylpentanes are 
deseribed in the preceding sections. In the spring 
of 1942 considerable interest was developed in 
dimethyl zine syntheses. It was demonstrated 
that the engine characteristics of a fuel derived 
from butene eo-dimer could be considerably im- 
proved by the int roduction of tetramethylpentanes. 
This was first accomplished by synthesis of these 
nonanes in situ. An olefin co-polymer fraction 
containing 3,4,4-trimethyl-2-pentene and 2,3,4- 
trimethyl-2-pentene was reacted with dry hydro- 
gen chloride until about 60 percent of the olefin 
was converted to chloride. This chloride-olefin 
mixture was treated with dimethyl zine in a sol- 
vent of hydrogenated co-dimer, which contained 
2.2.3- and 2,3,4-trimethylpentanes. The resultant 
product was hydrogenated to a mixture of hydro- 
carbons, all known to have superior character- 
istics. 

This study led to the syntheses of these ¢om- 
pounds in a pure state by this method. 

Secondary and tertiary butyl alcohols were co- 
polymerized in the presence of sulfuric acid in the 
manner described by Whitmore, Laughlin, Matus- 
zeski, and Surmatis [39]. A portion of the product 
was analyzed by distillation in column | and was 
found to contain the “diisobutylenes’’, (2,4,4- 
trimethyl-l-and 2-pentenes) (25%), 3,4,4-trim- 
ethyl-2-pentene (23%), 2,3,4-trimethyl-2-pentene 
37%), and higher-boiling material (15%). The 
rest of the olefin mixture was roughly separated by 
distillation in column 5. The fractions which boiled 
107° to 120° C amounted to 9,740 g, and consisted 
of 2,3,4-trimethyl-2-pentene and 3,4-4-trimethyl-2- 
pentene as major components. Part of this fraction 
(6,300 g) was fractionated in column 2. By this 
distillation there was obtained 1,150 g of 3,4,4-trim- 
ethyl-2-pentene (n= 1.4230, n>—1,4205, D”- 
0.7392, D®=0.7350, bp 112.1° to 112.8° C) and 
1.4275, 
0.7434, D®=0.7391, bp 116.3° to 


1,865 g of 2,3,4-trimethyl-2-pentene (n?3 


np=1,4250, D™ 
116.5° C). 
These two alkenes were reacted separately with 
hydrogen chloride at —60° C in an apparatus pre- 
viously deseribed [19] (also section IV—3) until ap- 
proximately 60 percent of the alkene had been 
converted to alkyl chloride. The products were 


Aliphatic Hydrocarbons 


washed, dried, and fractionated in column 3. In 
this way, 716 g of constant-boiling 3-chloro- 
2,2,3-trimethylpentane was obtained from the 
3,4,4-trimethyl-2-pentene. The chloride from 
2,3,4-trimethyl-2-pentene (1,410 g) was probably 
a mixture of 2-chloro-2,3,4-trimethylpentane and 
3-chloro-2,3,4-trimethylpentane. As 
chlorides were expected to yield two different 
nonanes (by reaction with dimethyl zinc) which 
have boiling points differing by about 8° C, no 
attempt was made to separate the chloride mix- 
ture. 
rides are included in table 6. 


these two 


Physical constants measured on the chlo- 


(a) 2,2,3,3-Tetramethylpentane 


In the apparatus, and by the technic described 
in section [V—3, 4.15 moles (614 g) of 3-chloro- 
2,2,3-trimethylpentane in 700 ml of isooctane 
(2,2,4-trimethylpentane, S—4 reference fuel) were 
allowed to react with the dimethyl zine from 


7.75 moles of methyl iodide. The dimethyl zine 


was in a solution with 500 ml of “isooctane’’. 
The bath temperature for the reaction was7°C. 
The product was boiled for 2 hr with 5 percent 
potassium hydroxide in alcohol, washed, and 
fractionated in column 4. This distillation gave: 


Refractive index 


Volume 
(n*?) 


Fraction No. Boiling range 


Cc 
96 to 100 1. 3918 
100 to 110 4059 

110 to 116 4195 to 1. 4225 
116 to 138 : 4226 
138. 6 to 140. 3 ’ 4226 
140. ¢ 4233 
Ss 140. 3 7 4232 
9 (residue) * 140. 4379 


Sand 4 


* Distillation of the residue from fraction 7 was continued in still 8 and 


gave the values shown. 


Fraction 1 recovered solvent. Alkene 
byproducts of the reaction, formed by dehydro- 
chlorination of the alkyl chloride, were contained 
in fractions 2 to 5. By the low refractive indices 
of these fractions, it is indicated that this material 
consisted mostly of 3,4,4-trimethyl-2-pentene. 
The yield of 2,2,3,3-tetramethylpentane (fractions 
6, 7, and 8) amounted to 37.7 percent based on 
alkyl chloride. Fraction 7, after filtration through 
silica gel, had the following properties: Freezing 
point, — 11.85° C; boiling point, 140.20° to 140.23°C 


was 
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at 760 mm Hg; refractive index, n”=1.4233, 
np=1.4211; density, d°=0.7565, d®=0.7527. 
It may be seen that the product was of high purity, 
when these properties are compared with those 
of the pure sample, as listed in table 6. The 
freezing point indicates a purity of about 99.5 
mole percent. 


(b) 2,2,3,4- and 2,3,3,4-Tetramethylpentanes 


By using the same procedure described above, two 
runs were made in which a total of 8.35 moles of 
the mixture of 2-, and 3-chloro-2,3 ,4-trimethylpen- 
tanes was reacted, at 10°C, with the dimethyl zinc 
from 15.5 moles of methyl iodide. The combined 
products were refluxed with alcoholic potassium 
hydroxide, washed, dried, and distilled in column 
4. This operation gave: 


Refractive index 


v . 
olume (n2) 


Fraction No Boiling range 


Cc 
1 95 to 100 3917 
2 100 to 115 4080 
Sand 4 115 to 119 4269 to 1. 4267 
5 119 to 130 K 4219 
4to8 130. 0 to 133.5 4158 to 1. 4150 
Q 133. 5 to 134.0 d 4152 
10 134 to 140 i, 4183 
le 140.0 to 141.5 4212 
126 141.5 to 142.0 | i 4218 
13" 142.0 to 143.0 4221 
146 143 to 165 4271 
4570 


15 (residue) * 
* The residue was distilled in still 8, and gave the values shown. 


” 


Fraction 1 was recovered “‘isooctane,”’ fractions 
3 and 4 were alkene byproducts, indicated to be 
mostly 2,3,4-trimethyl-2-pentene by the refractive 
indices. The total yield of tetramethylpentanes 
(fractions 6 to 14) amounted to 30 percent, based 
on alkyl chloride. These tetramethylpentanes 
consisted of about 71 percent of 2,2,3,4-tetra- 
methylpentane and about 29 percent of 2,3,3,4- 
tetramethylpentane. 

Fraction 9, after filtration through silica gel, 
had the following properties: Freezing point, 
~122.54°C; boiling point 133.3° to 133.4°C at 
760 mm Hg; refractive index, n”=1.4148, n”: 
1.4127; density, d”=0.7397, d®=0.7358. These 
values are in agreement with those reported for 
the pure 2,2,3,4-tetramethylpentane (table 6). 

Fraction 12 was filtered through silica gel, and 
the eluent was used for the measurement of 
The following properties 


physical properties. 
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were found: Boiling point, 141.3° to 14. 4° © y 
760 mm Hg; refractive index, n%=1.42\7_ »= 
1.4196; density, d®=0.7545, d®=0.7512. The 
data agree with those reported for purer 2.3.3 4. 
tetramethylpentane in table 6. 

A tetramethylpentane, assumed to be 2.3.34. 
tetramethylpentane, was prepared by Dinersteiy 
(11) in 1940, by action of dimethyl zine on “9. 
chloro-2,3,4-trimethylpentane.”’ Later work (14 
31] shows that the hydrocarbon prepared by 
Dinerstein was 2,2,3,4-tetramethylpentane 


21. 2,4-Dimethyl-3-isopropylpentane (Triisopropy\. 
methane) 

The recent preparations of triisopropylearbino| 
by the action of isopropyl lithium on 2,4-dimethiy!- 
3-pentanone (diisopropyl ketone) {42}, and by the 
action of isopropyl chloride on diisopropy! ketone 
in the presence of sodium {3}, have made available 
a method for synthesizing triisopropylmethane 
(2,4-dimethyl-3-isopropylpentane). A quantity 
of this compound has been prepared by the use o/ 
isopropyl! lithium. 

Preliminary work on this reaction was performed 
in several small-scale experiments, in each 6! 
which 10 gram atoms of lithium, 6.5 moles o 
isopropyl! chloride, 5.4 moles of diisopropy! keton 
and 2,000 ml of solvent were used. During this 
study, it was found that technical 2,2,4-trimethy!- 
pentane (isooctane) served admirably as a solvent 
when its use was augmented by efficient stirring 
and external cooling of the reaction mixture 
No preliminary purification of the solvent was 
necessary, and the hazards accompanying its 
use are much less than those of the petroleum 
ether used by the original investigators (42). 

The preparation of the considerable quantities 
of finely divided lithium required was expedited 
by the use of a small laboratory rolling mill 
While the lithium was being worked in the mil 
it was lubricated and coated with a mixture o 
80 percent isooctane and 20 percent light miner! 
oil applied by means of an oil can. This techie 
tended to prevent the lithium from sticking to th 
rolls and also prevented excessive oxide formation 
The rolled pieces, about 0.003 in. thick, were cut 
into ribbons and then into squares in a large 
shallow pan under isooctane. 

The yields in all the preliminary runs amounte’ 
to 18 to 22 percent of carbinol. No appreciable 
change in yield was experienced when the reacti0 
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the original investigators. 
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used 


After the technic of handling the reaction had 
ficiently developed, a large run was carried 


een > 
ee in the 50-gallon stainless-steel kettle. The 
total quantity of reactants used were: 159 g atoms 
1.10 kg) of lithium, 115 moles (9.03 kg) of iso- 
propy! chloride, 80 moles (9.13 kg) of diisopropyl 
ketone, and 55 liters of isooctane. The quantity 
of isopropyl chloride was relatively larger than 
that used by the original investigators in order 
that a minimum amount of lithium be left un- 
reacted, and to compensate for possible loss 
through the reflux condenser. The diisopropyl 
ketone was constant-boiling material obtained by 
redistillation of the commercial product in still 11. 

The kettle flushed with nitrogen and 
charged with 31 liters of isooctane. About half 
the lithium was added and the reaction started 
by the addition of 1 liter of isopropyl chloride in 
| liter of isooctane and by warming the jacket to 
35° C. The remainder of the lithium was added 
in three additional charges during the next 2% 
days. During the first 3 days, a mixture of the 
remainder of the isopropyl chloride in an equal 
volume of isooctane was added in four charges. 

A solution of diisopropyl ketone in 11.4 liters 
of isooctane was added during 8 hr, while the 
reaction temperature was held at 45° to 60° C. 
After addition was complete, the mixture was 
warmed and stirred for 5 hr, after which it was 
Decomposition of the reaction mixture 
was effected by the addition of 25 pounds of 
cracked ice, followed by a solution of 11 pounds 
of ammonium chloride in 5 gallons of water. 
The aqueous layer was removed, and the organic 
layer washed five times, each time with 3 to 5 
gallons of water, after which it was withdrawn 
and dried overnight with potassium carbonate. 

Fractionation of the product in column 6 gave: 
recovered isooctane; diisopropyl ketone, bp 121° 
to 126° C, 2,355 g; intermediate fractions, 240 g; 
and triisopropylearbinol, bp 104° to 110° C at 
50 to 55 mm Hg, 2,576 g. This represents a 
yield of 20.4 percent, based on the diisopropyl 
ketone added. A part of the triisopropylearbinol 
was redistilled and a pure sample collected from 
the middle of this distillation for the measurement 
of physical constants. 


was 


cooled. 


The carbinol was dehydrated by distillation 
from anhydrous copper sulfate. From 16 moles 
of triisopropylearbinol, 14.4 moles (90° %) of crude 
2,4-dimethyl-3-isopropyl-2-pentene was obtained. 
Water recovery amounted to 80 percent. The 
crude olefin was dried over calcium chloride and 
distilled in column 6, from which 1,372 g of mate- 
rial that boiled 153.2° to 153.6° C at 756 to 759 
mm Hg, n*=1.4368 to 1.4371 (all values uncor- 
rected) was collected. A sample was removed 
from the middle of the distillation for the measure- 
ment of physical constants. 

The olefin was hydrogenated, and distilled in 
column 6, and gave 1,100 g (80%) of “‘constant- 
boiling material;” bp 156.5° C at 749 mm Hg; 
n*®—=1.4234—1.4236 (all values uncorrected). 
This material contained a trace of olefin, which 
was removed by repeated filtration through silica 
gel. Refractionation under reduced pressure af- 
forded the means of obtaining a pure sample for 
physical-constants measurements. 


22. Pentamethylpentanes 
(a) 2,2,3,3,4-Pentamethylpentane 


The first preparation of 2,2,3,3,4-pentamethyl- 
penta: e was carried out by the reaction between 
2-chloro-2,3,3-trimethylbutane and isopropylmag- 
nesium chloride. 

To 30.5 moles of isopropylmagnesium chloride 
in 10.53 liters of ether solution there was added, 
at room temperature, 26.4 moles of 2-chloro-2,3,3- 
trimethylbutane (sublimation point 132.7° to 
134° C) in 3.5 liters of ether. After standing for 
3 weeks at 15° to 20° C, the reaction mixture was 
worked up in the usual manner. The product, 
distilled in column 6, gave 14.8 moles of 2,3,3- 
trimethyl-l-butene, formed by dehydrochlorina- 
tion of 2-chloro-2,3,3-trimethylbutane; 0.1 mole of 
2-propanol, formed by oxidation of the Grignard 
reagent found in an azeotrope with 2,3,3-trimethyl- 
l-butene; 2.2 moles of recovered 2-chloro-2,3,3- 
trimethylbutane; 3.1 moles of 2,3,3-trimethyl-2- 
butanol, presumably by hydrolysis of the chloride; 
and 1.05 moles of crude 2,2,3,3,4-pentamethy|l- 
pentane. This represents a yield of 4.0 percent. 
Another run, in which 19.3 moles of the chloride 
was used, and which was kept at 5° C for 3 weeks, 
then at room temperature for 2 weeks, yielded 0.6 
mole of additional crude (3.1 percent yield). 

The combined yield of crude material (300 ml) 
was fractionated in column 8. From this distilla- 
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tion there was obtained 226 ml of material that 
boiled at 163.7° to 164° C (uncorrected). This 
product was redistilled in the same column, and 
there was collected 186 ml of constant-boiling, 
constant-refractive index material. The physical 
constants of this product, after filtration through 
silica gel were as follows: fp—37.5° C, n= 1.4361, 
d® =0.7803, bp 165.54° to 165.56° C at 750.5 mm 


> 


Hg. 

Later, two other methods for the preparation of 
this decane were investigated. Both of these 
methods involved the methylation of 3-chloro- 
2,2,3,4-tetramethylpentane. This chloride was 


prepared in good yield from the corresponding 


reaction with concentrated hydro- 
The chloride decomposed easily 


alcohol by 
chloric acid. 
when a boiling-point determination was attempted 
at atmospheric pressure. It would not crystallize 
at dry-ice temperature and had an index of re- 
fraction (n®) of 1.4389. The carbinol was pre- 
pared by the reaction between methylmagnesium 
bromide and 2,2,4-trimethyl-3-pentanone (see sec- 
tion IV-19). 

In one experiment on the methylation of this 
chloride, 1.7 moles of the chloride in 320 ml of 
benzene was added to 2.5 moles of dimethyl zine, 
using the previously described technic. Distilla- 
tion analysis of the product of reaction showed the 
presence of 0.4 mole (23.5%) of 2-isopropyl-3,3- 
dimethyl-l-butene, and 0.81 mole (47.5%) of 
2,3,3,4-tetramethyl-1l-pentene, both formed by de- 
hydrochlorination of the alkyl chloride. In addi- 
tion, there was found 0.38 mole (assuming C,)H..) 
of material that boiled 150° to 160° C, and from 
which no pure material could be isolated. 

In another experiment 10.7 moles of 3-chloro- 
?,2.3,4-tetramethylpentane was treated with 11.0 
moles of methylmagnesium bromide in ether solu- 
tion. The reaction was allowed to take place 
over a period of 3 weeks at 15° to 22°C. The 
products of the reaction, was determined by dis- 
tillation analysis, consisted of 3.0 moles (28%) of 
2-isopropyl-3,3-dimetbyl-1-butene, and 5.7 moles 
(53%) of 2,3,3,4-tetramethyl-1-pentene, formed by 
dehydrochlorination of the alkyl chloride. In 
addition, there was found 0.5 mole (4.7%) of 
crude 2,2,3,3,4-pentamethylpentane. (Boiling 
range = 158° to 167° C, n®= 1.4354 to 1.4369.) 

It is interesting to note that in both of these 
trials, the dehydrochlorination of the alkyl 
chloride led to approximately the same relative 


382 


proportions of the two nonenes, namely, L part 
2-isopropyl-3 ,3-dimethyl-l-butene and 2 parts, 
2,3,3,4-tetramethyl-l-pentene. This proportion, 
not the same as occurs when the carbino! jtself 
dei:ydrated. In that case the proportions a» 
parts of 2-isopropyl-3,3-dimethyl-1-butene ay, 
part of 2,3,3,4-tetramethyl-l-pentene [31, 38), 


(b) Pentamethylpentanes from 2,2,3,4,4-Pentamethy!.3 
pentanol (trial 1) 


In an attempt to prepare 2,2,3,4,4-pentamethy 
pentane, it has been found that 2,2,3,4,4-pex 
methyl-3-pentanol will dehydrate under thy 
fluence of iodine to a mixture of two deco» 
which, on hydrogenation, vields both of ; 
pentamethylpentanes. 

In 1933 Whitmore and Laughlin [38] repor 
the dehydration of  2,2,3,4,4-pentamethy\ 
pentanol by means of 8-naphthalene sulfonic a 
to give 2-t-butyl-3,3-dimethyl-1l-butene with 
appreciable rearrangement. They also reported 
small amount of low-boiling, unidentified mate: 

As this reaction offered a means of prepari 
2,2,3,4,4-pentamethylpentane, a trial run 
made. When the carbinol was dehydrated wit 
8-naphthalene sulfonic acid at atmospheric p 
sure, the products of the reaction consisted | 
isobutylene, 2,3-dimethyl-l-butene, 2,3-dimetly 
2-butene, and only a small amount of high 
boiling material. No 3,3-dimethyl-1-butene 
found in the reaction products. 

Dehydration of the carbinol with iodine y 
found to yield a mixture of decenes, compns 
of 2-t-butyl-3,3-dimethyl-l-butene and 2,334 
pentamethyl-1-pentene. 

(1) Preparation of 2,2,4-trimethyl-3-penta 
and 2,2,4,4-tetramethyl-3-pentanone.—2,2 4-1 
methyl-3-pentanone was prepared by the Hal 
Bauer synthesis [17], in toluene solvent by ' 
action of sodium amide and then methyl sulle 
on 2,4-dimethyl-3-pentanone. Sodium amide ¥ 
made in 90- to 94-percent yield by the met 
described in Organic Syntheses [29]. The em 
2,2,4-trimethyl-3-pentanone was methylated 
second time by the same method to give 2,24 
tetramethyl-3-pentanone. The manipulativ 
tails of these reactions are described by Whitw 
and Laughlin [38]. The over-all yield wa 
percent of that theoretically possible, calcul’ 
without including recovered 2,4-dimethyl-3-p 
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and 2,2,4-trimethyl-3-pentanone, which were 


-veled in the synthesis. 

Part of the 2,2,4 trimethyl-3-pentanone used in 
;: synthesis was prepared at Pennsylvania State 
lege (F. C. Whitmore), the rest was synthesized 
the Bureau as described. A charge of this 
tone was fractionated in column 1 for the isola- 
y of a pure sample for physical-constant meas- 
ments. In the same column, a sample of the 
44-tetramethyl-3-pentanone was also distilled 
the same purpose. 

Preparation of 2,2,3,4,4-pentamethyl-3-pen- 
wol.—A solution of 10 moles of methylmagnesium 
mide was reacted with 8.75 moles of 2,2,4,4- 
ramethyl-3-pentanone and the product worked 
in the usual manner. Fractionation of the 
duct in column 4 at a pressure of 57 mm Hg 
ve a forerun of 307 ml of material that boiled 
low 105° C. At this point the carbinol began 
solidify in the condenser, and the pale-yellow 
terial remaining in the pot was found to be 
ite pure carbinol (melting point above 37° C). 
portion was recrystallized from ether for use in 
The 


id amounted to 75 percent of the theoretical 


determination of physical properties. 


antity. 

3) Dehydration of 2,2,3,4,4-pentamethyl-3-pen- 
ol with B-naphthalene sulfonic acid.—Dehydra- 
n of 897 g (5.7 moles) of 2,2,3,4,4-penta methyl- 
entanol with 8 g of B-naphthalene sulfonic acid 
der a fractionating column resulted in the dis- 
ation of a water layer, an organic laver (855 ml), 
| about 50 ml of material collected in a dry-ice 
p. The organic layer which smelled strongly 
sulfur dioxide and hydrogen sulfide, was washed, 
dd, and distilled from sodium, and gave the 
lowing fractions: 


Refractive 


Head tem- 
index (n??) 


perature 


Fraction No Volume 


Cc ml 
4 
54 to 57 
Si to 71 
7l to 73 
73 to 75 
75 to 150 
150 to 153. 3 
53.2 to 156. 5 
156. 5 to 157 


157 


interrupted 


phatic Hydrocarbons 


A considerable quantity of gas was evolved 
during the distillation. This gas boiled at about 
—4° C, was readily absorbed in sulfuric acid, and 
absorbed bromine. Regeneration from sulfuric 
acid solution by neutralization resulted in t-butyl 
alcohol. This identifies the gas as isobutylene. 
The other principal products of the reaction were 
fraction 2 (2,3-dimethyl-1-butene), fraction 5 (2,3- 
dimethyl-2-butene), and fractions 7 and 8, which 
probably contained a mixture of 2,3,3,4,4-penta- 
methyl-l-pentene and 2-t-butyl-3,3-dimethyl-1- 
butene. As the products of this distillation did 
not yield the desired compounds in any appreci- 
able quantity, more elaborate analysis was not 
undertaken. 

(4) Dehydration of 2,2,3,4,4-pentamethyl-3-pen- 
tanol with A charge of 2,2,3,4,4-penta- 
methyl-3-pentanol (640g, 4.1 moles) was refluxed 
with 4 g of iodine, and the product was distilled 
through a short fractionating column, yielding 70 
ml of water and 700 ml of organic material. The 
organic layer was washed, dried, and fractionated 
roughly. The distillate from three runs 
combined, yielding 1,950 ml of material, which, 
on further fractionation, gave 1,800 ml that 
boiled at 140° to 155° C. The was 


semisolid and had an odor similar to that of a 


iodine. 


were 


residue 


carbinol. The 140° to 155° C fraction was redis- 
tilled into the following fractions: 


Refractive 
index 
20 
(np) 
(uncorr 


Head 
tem perature 


Fraction No Volume 


° Cc 

100 to 148.2 
148.2 to 149.0 
149.0 to 149.6 
149.6 to 151.0 
151.0 to 152.0 
152.0 to 153.0 
153.0 to 155.0 


155.0 to 157.0 


A constant-boiling portion of fraction 3 was 
reserved for determination of physical constants 
and ozonolysis. At 157° C, solid material started 
to form in the condenser, so the distillation was 
stopped. The cooled residue in the flask was 
solid, melting at 34.5° to 37.5° C, but a mixture 
of this compound and the original carbinol was 
liquid at room temperature. The material was 
soluble in ether, insoluble in water, slightly 
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soluble in 85 percent phosphoric acid, and was 
unaffected by sodium. 

Analysis showed the presence of 83.1 percent of 
carbon and 13.8 percent of hydrogen.’ Because 
of the volatility of the compound, these results 
may be low. By extending the C-H content to 
total 100 percent, the analysis was calculated to 
be 85.8 percent of carbon and 14.2 percent of 
hydrogen, which agrees with the analysis of an 
alkene. The molecular weight was found eryos- 
copically to be 142.4 (theory for CjoHo»= 140.2). 

At this point the distillation of the solid olefin 
was continued after provision had been made to 
prevent solidification of material in the condenser. 


This distillation gave the following fractions: 


“ae Head a 
Fraction No temperature Weight 


(°C) 
157. 0 to 157, 3 
157. 2 to 158.0 
158. 0 to 158. 2 
158. 2 
158. 2 to 158.9 
158. 9 to 150.0 
150.0 to 159. ( 


esidue 


Ozonolysis was performed on fraction 15. 

(5) Ozonolysis of alkenes. 

(a) Lower-Boiine ALKENE (2-t-ButyL-3,3- 
DIMETHYL-1-BUTENE). Ozonization of 0.21 mole 
of alkene in 300 ml of isopentane at —5° to 

10° C was accomplished in 12 hr. Oxygen 
containing 7.5 percent of ozone was used at the 
rate of 7,500 ml/hr. The solvent was not removed 
prior to decomposition because the ozonide proved 
to be a solid. Decomposition was effected by 
means of the technic developed by Whitmore and 
Church [34]. The reaction was of medium vio- 
lence and gave rise to 36.5 ml of oil and 150 ml 
of water layer. Analysis of the water layer 
showed the presence of 0.18 mole of formaldehyde, 
and no other low molecular weight aldehyde or 
ketone. The oil was distilled to yield 24.3 ml of 
2,2,4,4-tetramethyl-3-pentanone (boiling point 
150° to 155° C), which, when treated with methyl- 
magnesium bromide, gave 2,2,3,4,4-pentamethyl- 
3-pentanol, the identity of which was proved by 
a mixed melting point with a known sample. 

(b) Hiegner-Bortine ALKENE (2,3,3,4,4-PENTA- 
METHYL-l-PENTENE). In the same manner as 


' Thanks are due K. C. Fleischer, of this Bureau, for this microanalysis. 
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described above, 0.11 mole of the high: wiling 
alkene was ozonized in 300 ml of isoperiane q 
—10° to —20° C to yield 0.071 mole of forinalde- 
hyde and 9 g of an oil (boiling point {72° ¢ 
n%3=1.4149). This oil gave a positive iodoform 
test, and was oxidized by 50 percent nitric aeid 
to 2,2,3,3-tetramethyl butanoie acid {22, 
After several crystallizations from alcoho!, this 
acid melted at 196° to 197° C, the same valye 
reported by Whitmore, Marker, and Plambeck. Jr 
[41]. The neutral equivalent was found to be 
147.3. The amide was prepared and found to 
melt at 201.5° to 202° C, which agrees with the 
melting point found by Whitmore, et al. {41) 
(201° to 202° C). The ketone gave a 2,4-dinitro- 
phenylhydrazone, which melted at 182° to 183° ( 
The ketone was therefore considered to be 3.3,44- 
tetramethyl-2-pentanone. 

(6) Hydrogenation of the decenes. The crude 
lower-boiling alkene from the dehydration of 
2,2,3,4,4-pentamethyl-3-pentanol (fractions 2 to § 
inclusive) was hydrogenated and filtered through 
silica gel. Distillation in column 5 gave: 


Fraction No Boiling range | Volume 
°¢ ml 
lto2 153.4 to 158.4 1.4296 to 1.434 
3to8 158.4 300 | 1.4306 to 1.4907 
9tol4 158.4 to 159.8 38 «1.4307 to L.4a! 
15 to 16 159.2 to 161.7 97 | 1.4320 to 1.44 
Residue 47 | 1.4380 


An analysis of the distillation curve showed the 
presence of 735 ml of 2,2,3,4,4-pentamethyl- 
pentane, and 112 ml of 2,2,3,3,4-pentamethy!- 
pentane. 

Hydrogenation of the higher-boiling alkene was 
carried out in a solvent (2,2,4-trimethylpentane 
Distillation gave, in addition to the solvent, 4 
small forerun and 247 ml of fractions collected at 
163° to 164° C (n*®==1.4358 to 1.4361). The best 
samples of both decanes were reserved for 
measurement of physical constants. 

The yield of alkanes isolated in the pure stat 
(calculated on 2,2,4,4-tetramethyl-3-pentanone 
amounted to 25.8 percent of 2,2,3,4,4-pentamethy!- 
pentane, and 11.4 percent of 2,2,5,3,4-penlta- 
methylpentane. These yields could not be used 
to form a definite opinion of the reaction nor cat 
much weight be placed on the ratio of products 
found, since a loss experienced in the distillation 
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Several runs of various sizes were made and the 
for. results are summarized in table 5. These reactions 
were carried out in hydrogenation bombs. The 
bomb was chilled by solid carbon dioxide and 
charged with the reactants, then sealed and heated 
to the temperature indicated. As the reaction is 
exothermic, it was found difficult to hold a pre- 
determined narrow temperature range. (The 
operation could probably be made more efficient 
by pumping the methyl bromide into the reaction 
vessel as it is consumed by the reaction in order to 
obtain more stable reaction conditions.) When 
the reaction was complete the bomb was cooled 
and the contents washed well with water, dried, 
and fractionated. In one experiment (5-1) an 
attempt was made to distill the residue (247 g). 
It was found to contain lachrymatory materials, 
but little if any 2,2,4,4-tetramethyl-3-pentanone. 
(None of this compound was found by Nef in any 
of his methylation products.) 


and hanc ling of the higher-boiling decene is not 


account 


-) Pentamethylpentanes from 2,2,3,4,4-Pentamethyl-3- 


pentanol (trial 2) 

The second run of this series of reactions was 
made to inerease the stock of hydrocarbons and 
-«y obtain more information on the ratio of products 
formed by dehydration of the carbinol. 

|) Preparation of 2,2,4-trimethyl-3-pentanone. 
For this second synthesis, an easier method was 
devised for making 2,2,4-trimethyl-3-pentanone. 
This method was an adaptation of that described 
by Nef [26], who obtained this ketone by the ex- 
haustive methylation of acetone, methylisopropy! 
tone, diethyl ketone, or pinacolone with methyl 
odide and potassium hydroxide in a sealed tube 
140°C. The method used in the present work 
substituted the less expensive methyl bromide for 
methyl iodide in the methylation of commercial 
2 4-dimethyl-3-pentanone. 


TaBLeE 5.—Methylaiion of 2,4-Dimethyl-3-pentanone 


Yield of 

2,2,4-tri- 

meth yl-3- 
pentanone ® 


2,4-Di- 
methyl-3- 
pentanone 


Tem pera- 
ture 


Potassium 
hydroxide 


Methylating 
agent 


Date Duration 


Moles Moles 

CHsgl (1.5) ; 3.5 

(CH )280, (1.5) 
CH Br (4) 
CHy,Br (4) 
CH,Br (4) 


Moles °C Percent 
140 to 160 55 
140 to 160 : 0 
160 to 170 5 35 
140 to 150 { 15 
190 to 200 


ll- 044 
ll-14-44 
11-24-44 
11-27-44 
12- 7-44 


3.5 
12 
12 
12 


190 to 200 
200 to 215 
190 to 200 
200 to"230 


11-45 CH,Br (4) 6 (CaO) 
19-44 CH,Br (47.7) 39. 6 120 
2-28-44 CH,Br (47.7) 39. 6 120 
l- 445 CH;Br (47.7 39. 6 120 


2,4-dimet hy1]-3-pentanone consumed . 


; 


‘Ssooctane”’ (2,2,4-trimethylpentane) was used as 
a solvent and those in which isopentane was used. 
As the former solvent is considered safer, it was 
used in the majority of the trail runs and in 
the large-scale run. Slightly larger (2 to 5%) 
yields were obtained when sodium sand was used 
rather than sodium wire. In none of the small- 
scale runs did the yield of combined di-tertiary- 
butyl compounds exceed 53 percent. (Bartlett 
and Schneider report yields up to 71%). After 
the technic for handling this reaction had been 
sufficiently developed, a large run was made in 
the stainless-steel kettle. 

(a) Merayt TrimeruyLacetate.—To a solu- 
tion of 53 kg (177 moles) of sodium dichromate 
dihydrate (technical) in 98 liters of water in the 


2) Preparation of 2,2,4-4-tetramethyl-3-penta- 
one.—While the preparation of 2,2,4-trimethyl- 
-pentanone was in progress, a new and simpler 
for synthesizing 2,2,4,4-tetramethyl-3- 
was described by Bartlett and 
chneider [3]. This new procedure eliminated en- 
irely the necessity of using sodium amide in the 

The Bartlett and Schneider reaction 
interaction between t-butyl chloride, 
uethyl trimethylacetate, and sodium sand to give 

mixture of 2,2,4,4-tetramethyl-3-pentanone and 
}.2,4,4-tetramethyl-3-pentanol as major products. 

Several small-scale runs (1.6 to 2.0 moles) of 
lis reaction were made. There was no appreci- 
bble difference in the yields of di-tertiary-buty] 
ompounds from reactions in which technical 


entanone 


\) nthesis 


nvolved 
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glass-lined reactor was added 39.9 liters of con- 
centrated sulfuric acid. The solution was heated 
to 82° C and 6.6 kg (59 moles) of 2,4,4-trimethyl-2- 
pentene (97% pure, see section 1V-28) was added 
over a period of 5 hr. The rate of addition was 
regulated so that the temperature of the mixture 
did not exceed 88° C. Then about 3 liters of 
methyl alcohol was added to use the excess 
dichromate, and the mixture was subjected to 
steam distillation. There was obtained thereby 
5.76 kg of organic layer and about 30 liters of 
aqueous layer. The aqueous layer yielded, on 
distillation, an additional 0.82 kg of organic 
material. The crude product was distilled in 
columns 4 and 5, and yielded 3.91 kg of trimethyl- 
acetic acid (bp 160° to 165° C) (65.0% yield). 

The methyl ester of trimethylacetic acid was 
prepared in the usual manner by refluxing a solu- 
tion of the acid in methyl alcohol. Sulfuric acid 
was used as the catalyst. 

(b) 2,2,4,4-TeTRaAMETHYL-3-PENTANONE.—Sodi- 
um sand, from 6.8 kg (300 moles) of sodium 
was prepared under toluene (22 liters) in the 
usual manner. The mixture was cooled to 15° C 
and 16 liters of technical “isooctane” (2,2,4-tri- 
methylpentane) and 16 kg (173 moles) of t-butyl 
chloride added. After the reaction was initiated 
by the addition of a small quantity of ester, the 
remainder (total 7.98 kg, 68.5 moles) was added 
during 4 hr, while the temperature was main- 
tained at 35° to 40° C. Stirring was continued 
for 8 hr, then the mixture was allowed to stand 
overnight. The product was worked up in the 
manner described by Bartlett and Schneider. 
Distillation gave 2.57 kg (18.1 moles) of 2,2,4,4- 
tetramethyl-3-pentanone (bp 151.5° to 156.0° C), 
666 g of intermediate and 2.72 kg (18.9 moles) of 
2,2,4,4-tetramethyl-3-pentanol (bp 167° to 173° C). 
Including the intermediate, this represents a yield 
of approximately 61 percent, based on methyl 
trimethylacetate. 

The carbinol fraction and the intermediate 
containing carbinol were combined and oxidized 
in two batches. In each batch 1.36 kg (9.45 
moles) of carbinol and 333 g of intermediate ° 
were suspended in a solution of 1,255 g of sodium 
dichromate dihydrate in 1,170 ml of water. 
While the reaction mixture was held at 45° to 


* The intermediate contained approximately 50 percent carbinol, and 50 
percent ketone. The total quantity of carbinol oxidized in each batch was 
calculated to be 10.65 moles plus 1.2 moles of ketone in the intermediate. 
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60° C, a solution of 2,300 ml concentrate! sulfyp; 
acid in 2,170 ml of water was added during 2 day, 
after which the reaction mixture was stirred and 
heated to 50° C for 1 day. The organic materig) 
was then steam distilled, dried, and fractionate 
There was thereby obtained 1.35 kg (9.52 mols 
of ketone (bp 151° to 154° C) (78% yield). 

In the same manner, all the 2,2,4,4-tetramethy). 
3-pentanol obtained in the several preliminary 
runs was oxidized to ketone, and all the keto, 
from the several sources, was combined. hj 
included a small amount prepared by the Halley. 
Bauer reaction [17]. 

(c) PREPARATION AND DEHYDRATION oF 2.2.34 
4-PENTAMETHYL-3-PENTANOL.—The pentamethy|. 
pentanol was prepared in the manner already de. 
scribed. From 6.96 kg (49.0 moles) of 2.244 
tetramethyl-3-pentanone there was obtained 44 
kg (30.6 moles) of 2,2,3,4,4-pentamethyl-3-pents. 
nol (62.6% yield). 

Dehydration of the carbinol was caused |y 
refluxing with iodine. In a trial run, 322 » 
(1.98 moles) of carbinol was boiled with 3.3 g of 
iodine. During 2 hr, 93% of the theoretic! 
quantity of water was eliminated and collected 
The organic layer was washed with sodium thio. 
sulfate solution and with water, dried, and dis 
tilled in column 17. The charge was 246 ¢ 
The decene fractions (bp 145° to 158.9° C) weigh 
216.6 g (1.54 moles, 78%). Analysis of the dis 
tillation curve showed that these fractions con- 
sisted of equal parts of the two isomers, 3) 
dimethyl-2-t-butyl-l-butene and 2,3,3,4,4-pente- 
methyl-1-pentene. 

Treatment of the main portion of the carbine 
for the preparation of the pentamethylpentane 
followed the procedure already described. 


23. 2,2,5,5- and 2,2,4,5-Tetramethylhexanes 


The synthesis of 2,2,5,5- and 2,2,4,5-tetm 
methylhexanes was accomplished by the followm 
reactions: (a) Oxidation of 2,4,4-trimethy!-! 
pentene to 4,4-dimethyl-2-pentanone (methylne 
pentyl ketone), (b) oxidation of this ketone | 
t-butylacetic acid, (c) conversion of the acid 
methyl-t-butylacetate, (d) reaction of the este 
with t-butylmagnesium chloride to give 2,2,5/ 
tetramethyl-3-hexanol, (e) dehydration of ‘ 
carbinol to a mixture of 2,2,5,5-tetramethy!- 
hexene, 2,3,5,5-tetramethyl-2-hexene and 2,350 
tetramethyl-l-hexene, and (f) hyrdogenation 
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a) The oxidation of 2,4,4-trimethyl-1-pentene 
as carried out essentially in the manner disclosed 
hy Whitmore, Homeyer, and Trent [37]. Several 
ins were made on olefin of 95 percent or higher 
wurity. (The isolation of this olefin is described 
ton In a typical run, 101 moles of alkene was 
xidized during 10 days with sodium dichromate 
y the slow addition of sulfuric acid. There was 
btained 1,800 g of acidic material and 9,360 ml 
f neutral oil, which, on distillation in column 3, 
ve 2,154 ml of forerun, 4,150 g (36.4 moles) 
4-dimethyl-2-pentanone (bp 123° to 126° C) 
1d 2,000 ml of residue. This yield of ketone is 
juivalent to 36 percent of the theoretical amount. 
he acidic material was found to be a complex 
ixture containing only minor quantities of 
‘imethylacetie and t-butylacetic acid and was not 
irther investigated. 
(b) The hypohalite oxidation of the methyl- 
eopentyl ketone to t-butylacetic acid was ac- 
mplished by a modification of the reaction 
isclosed by Whitmore, Homeyer, and Trent [37]. 
hese authors used sodium hypobromite (pre- 
red from bromine and sodium hydroxide), 
hereas in the present work the less expensive, 
mmercially available calcium hypochlorite was 
ed. Several small preliminary runs were made 
develop familiarity with the reaction before a 
Three large runs were 
ade, one of which is described. 
A solution of 14.0 kg of technical sodium hydrox- 
This 


lution was cooled to 19° C and to it was added 


rge run was undertaken. 


e in 38 liters of water was prepared. 


out 90 kg of cracked ice and 13 kg of commercial 
lium hypochlorite (70°% available chlorine). 
he temperature thereby obtained was about 
4°C. The ketone (50 moles) was then added 
wing 3 hr. The temperature of the reaction 
remained below +5° C during this 
An additional 25 kg of cracked ice was 
ded and the mixture stirred for 10 hr, after 
ich it was heated to 65° to 70° C for 5 hr. 
ter cooling the mixture to 20° C, 19.7 liters of 
lfurie acid was added slowly and the products 
am distilled. The crude product was distilled 
several batches from a 1-liter claisen flask. 
ere was thereby obtained 4,070 g (31.3 moles, 


ixture 
idition. 
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63%) of acid collected between 180° and 190° C, 
No further purification of the acid was made. 

(c) The methyl ester of t-butylacetic acid was 
made in the usual manner. In a typical run a 
solution of 4,140 g (35.7 moles) of acid and 300 ml 
of concentrated sulfuric acid in 10 liters (250 moles) 
of methanol was heated to reflux for two periods 
of 7 hreach. The crude product thereby obtained 
was distilled in column 5 and gave 3,560 g (27.4 
moles, 76.7%) of ester, which was collected at 
125° to 127° C. 

(d) The preparation of 2,2,5,5-tetramethyl-3- 
hexanol was carried out by the use of the reaction 
described by Moersch [25], which is an adaptation 
of that used by Heyd [18]. 

To the Grignard reagent prepared from 326 
gram atoms of magnesium and 326 moles of t-butyl 
chloride was added 6,815 g (52.4 moles) of methyl 
t-butylacetate during 8 hr. The reaction mixture 
was refluxed 7 hr each day for 3 days and allowed 
to stand each night. Decomposition was caused 
by dilute sulfuric acid (17 kg of concentrated 
acid and 20 kg of water and ice). The product 
was steam distilled, and the aqueous layer extract- 
ed with ether. The organic layers were combined 
and the ether removed in column 11. The residue 
was redistilled in columns 24 and 7, yielding 
6,507 g of carbinol collected at 166° to 170° C. 
This is equivalent to 41.2 moles, or 79 percent 
yield. Moersch reported 85 percent yield [25]. 

(e) Three preliminary experiments were made 
on the dehydration of 2,2,5,5-tetramethyl-3- 
hexanol and on the rearrangement of the resulting 
olefins. In one run, 117 g (0.70 mole) of carbinol 
was passed over 256 g (330 ml) of alumina (Baker 
Hydralo, lot 91942) at 300° to 305° C at the rate 
of 47 g/hr. The catalyst tube was 2.5 cm in 
diameter. The water recovered amounted to 10.8 
ml (0.6 mole, 86%). The product was dried and 
fractionated in column 17. The yield of decenes 
amounted to 70 percent (78% on basis of carbinol 
consumed), and consisted of 34.5 mole percent 
2,2,5,5-tetramethyl-3-hexene, 35.2 percent 2,3,5,5- 
tetramethyl-l-hexene, and 30.2 percent 
tetramethyl-2-hexene. 


2,3,5,5- 


In another experiment, 118 g of carbinol was 
dehydrated under the same conditions, except 
that the rate was 98 g/hr. In this case, a yield 
of 46 percent olefins (73°, on basis of carbinol 
consumed) was obtained. The mixture of olefins 
contained 34.8 percent 2,2,5,5-tetramethyl-3-hex- 
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ene, 42.0 percent 2,3,5,5-tetramethyl-1-hexene, 
and 23.2 percent 2,3,5,5-tetramethyl-2-hexene. 

To determine the extent of rearrangement of 
the olefins, a mixture of decenes was passed over 
the catalyst at 300° to 310° C at the rate of 44 
g/hr. Analysis of the resultant mixture showed 
that the origina) mixture was isomerized as 
follows: 2,2,5,5-tetramethyl-3-hexene, from 13.5 
to 16.8 percent ; 2,3,5,5-tetramethyl-1-hexene, from 
46.2 to 31.2 percent; and 2,3,5,5-tetramethyl-2- 
hexene, from 40.0 to 52.0 percent. 

The bulk of the carbinol was dehydrated in the 
manner used in the first experiment. The result- 
ant mixture was dried and distilled in column 5. 
The carbinol recovered was recycled for dehy- 
dration. In this way, 4,999 g of crude olefin mix- 
ture was obtained (86.6% yield). This mixture 
was separated roughly in column 5 into concen- 
trates boiling at 121° to 127° C, 139° to 145° C, 
and 152° to 158° C, and intermediate fractions. 
A sample (500 ml) of each hydrocarbon was re- 
distilled in column 17 for preparation of pure com- 
pounds. The impure fractions from each of these 
distillations were returned to the appropriate con- 
centrate. These olefins have been identified pre- 
viously [18, 25]. 

(f) Each of the olefin concentrates was hydro- 
genated separately, as was the combined inter- 
mediate. The latter two olefin concentrates gave 
the same paraffin and were combined for distilla- 
tion. Purification of both paraffins was accomp- 
lished in column 18. The best 500-ml samples 
from each distillation were redistilled in column 
17, and physical constants were measured on the 
best samples from these distillations. 


24. 2,2,3,3-Tetramethylhexanes 


This hydrocarbon was synthesized at Pennsyl- 
vania State College (Frank C. Whitmore) and 
purified at the Bureau. When received, the sam- 
ple (2 gallons) contained chlorides, which were 
removed by boiling with alcoholic alkali. The 
product was washed, dried, and fractionated in 
columns 19 and 20. The best portion from one of 
these distillations was refractionated in column 17. 
Physical constants were determined on the best 
fractions from this distillation. 


25. 3,3,4,4-Tetramethylhexane 


The method of preparation of this decane is 
similar to that used in the preparation of 2,2,3,3- 
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tetramethylpentane, and involved the reagctig, 
between ethylmagnesium chloride and 2-chlor, 
2,3,3-trimethylpentane. 

In the exploratory synthesis, 2,3,3-trimethy|. 
l-pentene (boiling range 108.34° to 108.49° ¢ 
n= 1.4170 to 1.4172) was converted to thy 
chloride, 2-chloro-2,3,3-trimethylpentane, by ». 
action with dry hydrogen chloride at —30° ¢ 
The product was fractionated in column 4. Thy 
forerun of unchanged olefin was used in the preps. 
ration of more chloride. The chloride used in t\y 
coupling reaction was that collected between §)° 
and 82° C at 57 mm Hg. 

To the Grignard solution prepared from \ 
gram atoms of magnesium and 10 moles of ethy 
bromide, there was added, during 7 days, 93 
moles (1,382 g) of the chloride. On the twelft) 
day the mixture was worked up. The ether was 
removed from the organic layer and the residy 
refluxed 6 hr with alcoholic alkali (10% KOH) 
remove chlorides. The washed, dried, chloride. 
free material was distilled in column 17. 

A large run of the preparation of this hydr- 
carbon is in progress. From this run a consider- 
ably purer compound is expected. 


26. 2,3-Dimethyl-l-butene and 
2,3-Dimethyl-2-Butene 


The preparation and properties of 2,3-dimethy'- 
2-butene, and 2,3-dimethyl-l-butene have bee 
reported previously by this Bureau [7]. Althoug! 
the 2,3-dimethyl-1-butene reported was relativel; 
pure, the 2,3-dimethyl-2-butene was decided! 
impure. The boiling range of the best sample o 
the latter was about 0.4° C, even after repeate 
fractionation, whereas other hydrocarbons pr- 
pared and reported in the same paper had boilig 
ranges of less than 0.01° C. The wide boiling 
range has been attributed to the presence 0 
peroxides in the sample. This tendency to form 
peroxides is much more pronounced in the 2, 
dimethyl-2-butene than in the 1l-isomer. 4s 
both alkenes result from the same reaction, tl 
study of both compounds was repeated. 

The method of yreparing the alkenes was !) 
dehydration of 2,3-dimethyl-2-butanol, by meats 
of iodine. The carbinol was prepared by act 
of methylmagnesium bromide on methy! ' 
butyrate. 

Several batches of methyl isobutyrate wer 
made, in each of which 90 moles of methane 
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les of isobutyric acid were refluxed for 

with 15 ml of concentrated sulfuric acid. 
he produet was recovered by adding water, 
xtracting the unchanged acid by sodium car- 
jonate solution, and saturating the aqueous layer 
vith salt to recover unused alcohol and dissolved 
ster. The combined, nonacidic organic layer was 
listilled in columns 3, 4, 5, and 6. Only constant- 
+-0.1° C) material was reserved for sub- 
The yield amounted to 71 percent 


oiling | 
equent steps. 


if the theoretical, based on original isobutyric 


acid. 

In a typical run of the preparation of 2,3- 
limethyl-2-butanol 42 moles of methyl isobu- 
vrate was added to 90 moles of methylmagnesium 
yomide in 12 hr. After the reaction mixture had 
een allowed to stand for 15 hr, it was warmed for 
4 hr and then treated with ice and dilute hydro- 
hloric acid. The organic material was dried and 
listilled in column 6. After ether and unchanged 
ster had been removed, the carbinol was dis- 
illed at 76.4° to 76.6° C at 152 mm Hg. The 
rield was 3,120 g (73%, based on ester). 

The dehydration of 2,3-dimethyl-2-butanol was 
pecomplished by heating it with 1 gm of iodine 
yer liter of carbinol. The olefinic material thereby 
»btained was roughly separated in column 4 and 
onsisted of approximately 3 parts of 2,3-di- 
wthyl-2-butene and 1 part of 2,3-dimethyl-1- 
The residue from this distillation con- 
isted of unchanged carbinol that had steam 
istilled during the dehydration step. This car- 
inol was returned to the dehydration process as 

accumulated. In this way, a_ practically 
juantitative yield of alkenes was obtained. 


yutene. 


Two charges of crude 2,3-dimethyl-2-butene 
ere fractionated in column 1. The “middle 
uts’” from these distillations, the fractions of 
hich had a constant refractive index (+ 0.00005), 
and amounted to 3.6 liters of 
The 2,3-dimethyl-1l-butene was frac- 
ionated in like manner, and 3.5 liters of material 
as obtained. The two hydrocarbons were then 
ubjected to distillation in column 5 under con- 
itions designed to destroy any peroxides present 
nd to prevent their formation in the distillate. 
his was accomplished by adding hydroquinone 
» the distillation charge and by keeping the 
lumn, take-off, and delivery systems flushed 
In this way, thirty-three 100-m) 
actions of each hydrocarbon were obtained. 


ere combined 
laterial. 


ith nitrogen. 


iphatic Hydrocarbons 


For measuring the physical properties of these 
olefins the same apparatus and methods previously 
described were used, but care was exercised to 
displace air in the apparatus with nitrogen during 
the determinations. Refractive indices were 
measured in the usual manner. Peroxide numbers 
(moles of active oxygen in 1,000 liters of solution) 
were determined by the method of Yule and 
Wilson [43]. 

For 2,3-dimethyl-1-butene, fraction 17 was used 
for determination of refractive index and density. 
The peroxide number of this fraction was 0.03. 
Measurements of boiling points of this olefin were 
made with fractions 16 and 19. The distillate 
from these determinations contained an unmeas- 
urably small amount of peroxide. The freezing 
point of 2,3-dimethyl-2-butene was made on frac- 
tion 17 (0.07 peroxide number). Refractive-index 
and density measurements were made on fraction 
21 (0.03 peroxide number) and _boiling-point 
measurements on fractions 18, 19, and 20 (0.04 
to 0.06 peroxide number). The measured values 
of the properties are given in table 6. 

Considerable difference of opinion exists regard- 
ing the freezing point of 2,3-dimethyl-1-butene. 
Schurman and Boord [30] report a “melting’’ 
point of —120° to —123° C on material having a 
boiling range of 0.4° C. Brooks, Howard, and 
Crafton [7] report a freezing point of —140.1° C 
on a sample of high purity, which, however, 
undoubtedly contained some peroxide. Kistia- 
kowsky and coworkers [20], using a sample having 
a boiling range of 0.01° C for determining the heat 
of hydrogenation, reported that the material con- 
gealed to a glass at low temperatures. Two 
attempts were made in this work to freeze samples 
that were peroxide free, but both were unsuccess- 
ful. An attempt to freeze samples recovered from 
the boiling-point distillates, which had been 
exposed to air for 2 weeks, also failed. Attempts 
were made to freeze samples containing small 
amounts of 2,2,4-trimethylpentane; those samples 
containing 0.58 and 2.4 mole percent of this 
impurity failed to freeze. One sample containing 
1.43 mole percent of 2,2,4-trimethylpentane gave 
an indefinite freezing point at —145.4° C. This 
value seems to substantiate the previous [7] value 
of —140.1° C, and would indicate a very low heat 
of fusion, which may be a controlling factor in the 
determination of the freezing point. 
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TasLe 6.—Physical properties of compounds prepared 


nf= Material became very viscous or glassy without freezing to a crystalline solid. 
nd = Material considered too impure to warrant determination of freezing point. 
mp = Melting point 
LBI = Lower-boiling geometric isomer 
H BI =Higher-boiling geometric isomer. 
CT = Mixture of geometric isomers. 
tee Refractive 
Freezing Bolling | aReP | aT | Density at— index at dn/dt Date fire 
Compound point in point at at7fPoO =§— W to 80 EE es 3 20° to preparatior 
air 760mm Hg mm Hg percent 25°C com pleted 
20°C | 25°C 2c | 2c 


°C/mm 
He ; gimi | giml |(g/ml)/°C na nal? C 
n-Pentane 36. 0. 0388 0. 62619 0.62133 —0. 00097 . . 35480 —0.00053 | January 1% 
2-Methylbutane : 27. 852 0886 5 | 61963 | .61455 | —.00102 | 1. . 35067 | —.00058 December juw 
2, 2-Dimethylpropane 50e 0361 April 1942 
2-Methylpentane i ae 65285 . 4848 . 0008S 36866, 00055 January 164 
3-Methylpentane nf q . 0426 : \ NOT . 00093 . 37376 00054 November lw 


2, 2-Dimethylbutane *— 100.06 ; 6 . 00100 3687: 36585 00058 May IM! 
2, 3-Dimethylpentane nf ; i ‘ , . 00084 , 38950 00049 =August IM) 
2, 4-Dimethylpentane — 119. 86 . , ‘ , Ai . 00087 3816 . 37908 00053 | May 194! 
2-Methyl-3-ethylpentane —114.94 (mp) SS ‘ 00082 40173 00046 | January 1% 
2, 2, 3-Trimethylpentane b 112.32 ’ . ; . 00081 . 40052 00046 August 14 


2, 3, 3-Trimethylpentane —W1.6 72229 ~~. 00079 40521 00047 | October 1 
2, 4-Trimethythexane —123.4 (mp) mB. ‘ . 7178 )=— —. 00076 40095 00047 | October 12 
2, 5-Trimethythexane — 105. 89 (mp) ; . 70313 | —0. 00RD K i 39724 00047 July 1941. 

, 3, 5 Trimethythexane —127 31.: . 7TI792  —- —. GORD 40365 00047 | June 1M)! 

2, 2-Dimethyl-3-ethylpentane : . ‘ 73100) «=—. 00076 41014 00043 | September 


5&1 
. 4 Din 
nol 
2-Din 
nol 
2, 3, 4 
nol 
4-Dir 


, 4 Dimethy!-3-ethylpentane 22 . , . 73415 00076 41146 00045 | November 
2, 3, 3-Tetramethylpentane h ‘ 75300 . 00075 42146 00044 | December 
2, 2, 3, 4-Tetramethylpentane . 73537 00076 7 41242 00044 July 1941 
3, 3, 4-Tetramethylpentane § ‘ 7! . T5112 00075 42005 00043 | November 
3, 3-Tetramethylhexane . 4 4 . 76 00074 42606 00041 November 


. 4, 5-Tetramethylhexane : : 00075 . 41088 00046 | October 1% 


2, 2. 
2, 2, 5, 5 Tetramethylhexane 2.6 7 : re ; 00079 40315 .00047 | August 1% 
3, 3, 4, 4-Tetramethythexane . 5 f . ° 0007 36 4346 0004 Do 

2, 4-Dimethyl-3-isopropylpen- ; , : , B| 78 . 00073 42246 00044) March 1945 


tane 
2, 2, 3, 3, 4-Pentamethylpentane . : 00067 3606 43412 00039 | February 192 


2, 2,3, 4, 4 Pentamethylpentane 159. 3 00068 306 42868 00040 | October 144 

3-Methy}]-2-pentene (LBI) 67 ‘ 5 i42 i 008 SUSY 00054. September |. 
3-Methyl-2-pentene (H BI) 70.! . 6086 2 C0088 4018 00054 Do 

2, 3-Dimethyl-1-butene 5S . 67792 00006 , 38745 00060 |) ~ February ) 
2, 3-Dimethyl-2-butene - 73. 4 ‘ . 70795 00092 MO 00055 | October IM 


Trimethyl-|-pentene 108, ; .7352 | .7308 | —. 00088 , 00047 | April 145 
Trimethyl-|—pentene § 101. 437 ' , J . 71076 . OOR5S . 00051 «June 1M 
Trimethy!-2-pentene 116. 26 e : . 73914 00086 27: , 00047 | July 12 
Trimet hy!-2-pentene 104. 914 ‘ ‘ e 71700 00085 F oooso = July 145 
Trimethyl-2-pentene (CT 112.3 ° . 4 . . 7350 . 0OOR3 : , 00050 | July 142 


SRN N RE 


73 (100 mm) Octaber 08 

58 (50 mm) | 

2, 3, 3, 4-Tetramethyl-1-pen- 133. 2 d 7! 7 | ; ‘ November |# 
tene 

4 Methy!-3-isopropy |-2-pen- 138.0 
tene 96 (200 mm) 

2, 4 Dimethyl-3-ethyl-2-pen- 129. 97 Do 
tene. ws 88 (200 mm) We : sae . ; 

} 

4, 4 Dimethyl-3-ethyl-2-pen- 1396.03 | a, : I. ony ’ August 1% 

tene (CT). 84 (150 mm) ! ' 


2, 3, 5 Trimethyl-2-hexene 


August | 


* See reference [7]. 

> See reference [6] 

¢ Calculated from data given in reference [2]. 

4 The refractive indices of 2, 2, 3, 3-tetramethylpentane were determined by Leroy Tilton, of the Optical Instruments Section of this Bureau 
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Date fire: 
repara 
™ plete 


uary 
ember | 
ril 1942 
Uary 164 


vember | 


y 1M) 
rust 1% 
y 164 
uary 1% 


ust 104 


»ber 194 


yber 1042 


pound 


2-isopropyl-1 


ramethyl]-1-hexene 
etramethyl-2-hexene 
retramethy!-3-hexene 
tamethyl-l-pen- 


thyl-3-isopropyl-2 


[ime 


}-2-t-butyl-1-bu 


methy 


1, 3-butadiene 


}-pentanol 
thyl-2-butanol 
+ Trimet hyl-3-hexanol 
+-Dimethy!-3-ethyl-3-penta- 
2 Dimethyl s-ethyl-3-penta 
; +-Tetramethyl-3-penta 


+-Dimethy]l-3-isopropyl-3 


4, 4- Pentamethyl-3-pen 


., + Trimethyl-3-pentanone 


2, 4, + Tetramethyl-3-penta 
rrimethylacetate 

), 2, 3-Trimethylpen 

rrimethylpen 

4-Trimethylpen 

+-Trimethylper 


Dimethyl-2-bu 


TABLE 6. 


Freezing 
point in 
air 


Physical properties of compounds prepared 


Boiling 
point at 
760 mm Hg 


152 


150. : 


68. 5-71.5 


122.4 


aBidP 
at 760 
mm Hg 
°C/mm 


0. 0502 


049 


80 (150 mm) 


118.4 
76 (150 mm 


71 (25 mm 
177.9 


96 (50 mm) 


174 
4 (50 mm 
173.4 


04 (50 mm) 


194. 5 
109 (50 mm 


194.4 


126. 190 


153. 521 


118. 35 
7 (62 mm 


a2 


mm 


82 to 86 (60 


mm 


32 (45 mm 


AT 
20 to 80 


percent 


° Cc 
0. 037 


The presence of peroxides caused a marked 


‘hange in the boiling ranges of these olefins. 


Vhen samples of pure 


istilled) were less 


than 


92 


2,3-dimethyl-1-butene were 
listilled in the boiling-point apparatus, the ob- 
erved temperature changes (from 20 to 80% 


0.004° C. 


The 


same 


terial, after exposure to air for 2 months showed 
distillation range (20 to 80%) of 0.11° C. Still 


more pronounced 
-dimethyl-2-butene. 
mall] 


Samples 


iphatic Hydrocarbons 


is the effect of peroxides on 
containing 
quantity of peroxide (peroxide number 


a 


. 7448 
. 7659 


Continued 


Refractive 


Jensity 
Density at index at 


Date first 
preparation 
com pleted 


dn/dt 
a” to 
25° C 
20° C 


25° C 25° C 


nal? C 
—0. 00048 


(g/ml) /° C 
—0. 00077 


na 
41431 


g/ml 
73228 


g/ml 
73614 0. October 1941 
July 1945. 

Do. 

Do. 
September 1944. 


4203 
4351 
40890 


7407 —. OOR2 
7622 —. 00074 
71223 —. 8090 


00046 | 
00048 
00052 


71673 
February 1945 
April 1944. 


May 1940 
August 1941, 


October 1943 
July 1941 
July 1940, 
July 1941 


December 1044 


February 1944 


June 1941 
January 1044 


40.506 
41927 


40384 


41712 


00085 
00076 


June 1941 
July 1942 


30061 
4441 


00108 $8821 


June 1945 


August 1942 


May 1940 


0.04) distilled over a range of 0.007° C or less, 
but after this material had accumulated peroxides 
for 10 days, the distillation range was found to be 
1.03° C, 

In order to determine the rate of peroxide for- 
mation under normal laboratory conditions, sam- 
ples of purified alkenes were allowed to stand at 
Period- 


room temperature in contact with air. 
ically, portions were withdrawn and analyzed for 
The results of these analyses are 


peroxides. 
given in table 7. 





TaBLe 7.—Rate of peroxide formation in 2,3-dimethyl-1- 
butene and 2,3-dimethyl-2-butene 


Peroxide number (moles of ac- 
tive oxygen per 1,000 liters of 
solution) ® 


| 2,3-Dimethyl- | 2,3-Dimethyl- 
1-butene 2-butene 


Hours 


*For these hydrocarbons, at ordinary temperature, a peroxide number of 
1 corresponds to approximately 0.012 mole percent peroxide impurity. 


27. 3-Methyl-2-pentene (c/s and trans) 

The two geometric isomers of 3-methyl-2-pentene 
were prepared by dehydration of 3-methyl-3- 
pentanol, which was formed by action of ethyl- 
magnesium chloride on 2-butanone. 

To 53.8 moles of ethylmagnesium chloride was 
added 55.8 moles of 2-butanone in 5 liters of ether. 
The yield of carbinol (bp 75° to 80° C at 142 mm 
Hg) was 40 percent of the theoretical. Thecarbinol 
was dehydrated with 8-naphthalene sulfonic acid 
to yield a mixture of olefins. A charge of 2,240 
ml of the washed, dried olefin mixture was frac- 
tionated in column 2, which gave 240 ml of the 
lower-boiling (cis?) and 960 ml of the higher- 
Physical constants were 
measured on the best samples of each isomer. 
Analysis of the distillation curve showed that the 
original mixture contained 26 percent (by volume) 
of the lower-boiling and 74 percent of the higher- 
boiling forms. 

The identification of these two olefins as cis 


boiling (trans?) isomers. 


TABLE 8. 


Volume 
percentage 
of total 


Boiling Refractive index 


range * (n . ) 


Volume 


Percent Cc 
Below 101.5 


Liters 
4 3.1 

Rois} 57.8 101. 5 to 102 
12.6 102 to 104 

18.7 104 to 107 


1. 392 to 1. 4082 
1, 4084 to 1. 4088 
1. 4094 to 1.4127 
1. 4150 to 1.4160 


66 107 to 117 


CGias and loss 18 


1. 4207 to 1. 4238 


* Cottrell boiling-point measurements on first and last fractions. 
» Includes residue 
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and trans 3-methyl-2-pentene, rather than thy 
isomers 3-methyl-2-pentene and 2-ethyl-| -buten» 
is based primarily on mass spectrometer studies 
The two patterns formed by analysis of the com. 
pounds obtained are very nearly identical.’ Ny) 
third component was isolated from the distillation, 
although it is probable that one was present jy 
small quantity. 


28. Investigation of ‘Diisobutylene’’ 


It was necessary to isolate large quantities of 
the two diisobutylenes, 2,4,4-trimethyl]-1-pentene 
aad 2,4,4-trimethyl-2-pentene, in order to provide 
samples for engine studies and for the syntheses 
of 4,4-dimethyl-2-pentanone and trimethylaceti 
acid by oxidation. For this purpose, a consider- 
able quantity (450 liters) of the commercial miy- 
ture was systematically fractionated. 

The original material was separated into five 
“cuts’’, or concentrates, by fractionation in column 
11. Because of limited pot capacity, it was nec-s- 
sary to perform this operation in batches. Cor 
responding cuts from each batch were combined 
The data on these distillations are summarized 1 
table 8. 

Cut A (forerun) was an azeotrope containing 3 
small quantity of 2,4,4-trimethyl-l-pentene wit! 
butyl aleohol and other polar compounds. This 
cut was not extensively investigated. 

Cut C (58 liters), the intermediate between cuts 
B and D, was refractionated in column 1! t 
yield 34 liters of 2,4,4-trimethyl-1-pentene, whic! 
was combined with cut B; 14 liters of intermediat: 
which was not further investigated; and 9 liters 
which added to cut D. Th 


of residue, was 


’ For this opinion and for the experimental work from which it is 
thanks are due Leo A. Wall, of the mass spectrometer laboratory of | 
Bureau 


Division of ‘‘diisobutylene” by preliminary fractionation 


Major constituents 


2,4,4-Trimethyl-l-pentene, butyl] alcohol, other polar compounds 

2,4,4-Trimethyl-1-pentene. 

Intermediate, mixture of 2,4,4-trimethyl-l-and 2-pentenes 

2,4,4-Trimethyl-2-pentene, and small quantities of 2,3,4-and 2,3,3-trimet) 
pentenes, and other octenes 

2,3,4-Trimethyl- and 3,4,4-trimethyl-2-pentenes. 
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1 cuts 
ll t 
whic! 
diate 
liters 


The 


freezing point was - 


augmented cuts B and D were then designated as 

1. and D-1, respectively. 

Cut B1 (298 liters) was found to be about 
4.7 percent pure 2,4,4-trimethyl-1-pentene; its 
96.5° C. A 170-liter portion 
rom the middle of this cut was refractionated in 
hree runs, and 72 liters of purified 2,4,4-tri- 
nethyl-l-pentene was obtained, comprising frac- 
tions whose freezing points were in the range 
93.55° C. Physical constants were 
yeasured on one of the fractions of —93.55° C 
naterial. Those constants agree with those re- 
wrted by Tongberg, Pickens, Fenske, and Whit- 
nore {32}. This compound has been identified by 
yonolysis by Whitmore and Church [34]. 

Cut D-1 (95 liters), a concentrate of 2,4,4- 
rimethyl-2-pentene, refractionated (in 2 
uns). From these distillations, there was ob- 
ained 49.3 liters of high-purity 2,4,4-trimethyl-2- 
entene, composed of fractions whose freezing 
ints were —106.62° to 106.58° C. A portion 
yas refractionated in column 1 for isolation of 

sample for physical-constants measurements. 


93. 59° to 


was 


This compound was also characterized by Tong- 
erg, et al. [32], and identified by Whitmore and 
‘hureh [34]. 

The residue from distillation of cut D-1 
From this distillation 
here was obtained two concentrates, designated 
2 and D-3. 

Cut D-2 (745 ml, bp 106.8° C, n3=1.4149 
» 14152, d=0.7265) was probably an impure 
imple of 2,3,4-trimethyl-l-pentene. Kuyken- 
lall [21] obtained the following properties for 
to 107.7° C, nB=1.4146 


was 
ractionated in column 1. 


his compound: bp 106.7° 
0.726 

Cut D-3 (804 ml, bp 108.0° C, n}—1.4162 to 
41171, d®=0.733) complex mixture in 
hich 2,3,3-trimethyl-1-pentene was the probable 
This partial identification is 
nade by a comparison of the physical properties 
‘cut 2-3 with those of the 2,3,3-trimethyl-1- 
pentene isolated from Shell “hot-acid polymer.” 
See next section.) As only small quantities of 
(D-2 and D-3) 
‘tensive investigation was made on them. 

Cut E was combined with the residue from the 
reliminary fractionations. The combined mate- 


was a 


hajor component. 


hese cuts were available, no 


iphatic Hydrocarbons 


rial (27 liters) was fractionated in column 11, and 
yielded 3.8 liters of 3,4,4-trimethyl-2-pentene 
(cis and trans, presumably) (bp 112.0° to 112.6° C, 
np=1.4235, d’=0.739) and 4.5 liters of 2,3,4- 
trimethyl-2-pentene (bp 116.1° to 116.2° C, 
np= 1.4275, d”™=0.7428). These two compounds 
were identified by comparison of their physical 
properties with those of pure 3,4,4-trimethyl-2- 
pentene and  2,3,4-trimethyl-2-pentene. The 
pure compounds were obtained by the dis- 
tillation analysis of Shell “hot acid polymer’, 
described in the next section, and _ by 
synthesis as described in section IV-20. Part 
of this sample of 3,4,4-trimethyl-2-pentene was 
oxidized to pinacolone. The entire sample of 
2,3,4-trimethyl-2-pentene was hydrogenated to 
2,3,4-trimethyl-pentane (bp 113.41°C, n3=1.4038 
to 1.4040). 

An approximate analysis of the original diiso- 
butylene (gas-free basis) was made by examina- 
tion of the distillation curves. This mixture was 
found to contain. 

Percent 
(by volume) 


,4,4-Trimethyl-1l-pentene 70. 
4 
3 


,4-Trimeth yl-2-pentene - 18. 7 
,4-Trimethyl-2-pentene 1 
,4-Trimethyl-2-pentene 3. 
2,3,4-Trimeth yl-1-pentene, 
2,3,3-Trimethyl-l-pentere, and other | 


octene(s). 


2 
2 
3, 
¥ 
2, 


Other compounds 


29. Investigation of ‘‘Hot Acid Polymer’’ 

The investigation of “hot 
(Shell Oil Co.) undertaken and 
purify some of the major constituents. The 
general method of operation was the same as that 


acid polymer” 


was to isolate 


used in the investigation of ‘“‘diisobutylenes,”’ 
but for this work more efficient, higher-capacity 
stills (numbers 12, 13, 14, and 16) were available. 

A total of 1,041 liters of crude polymer was 
to preliminary fractionation in_ five 
Corresponding cuts from the several 
In this way, the polymer 
The data on these 


subjected 
batches. 
batches were combined. 
was divided into five portions. 
fractionations are given in table 9. 

Cut A, which contained butanol-2, 
further investigated. Likewise, the residue has 
not been studied. 


was not 








TABLE 9.— Division of “hot acid polymer”’ by preliminary fractionation 


| 
| + ae Refractive 
. age 


ili _. . 
Boiling range index n® 


total 


Volume 


| Liters 


3s 


| a | 
| 3.7 |<101 <1. 408 





200 24.9 | 101.0to 100.7 | 1. 408 to 1.420 
23.6 | 110. 1 to 112.0 
16.2 | 113.0to 116.0 
20.0 |>116 


11.6 


1. 421 to 1. 423 
1, 425 to 1. 426 


246 


E 208 
Gas © and loss 


* Cottrell boiling-point measurements on first and last fractions. 
> A preliminary distillation of 2 liters indicated over 10 percent of gas. 


By refractionation of cut B, there was isolated 
the following materials: 

Cut B-1: 103 liters, 2,4,4-trimethyl-1-pentene, bp 101.1° 
to 101.3° C/755 mm Hg, n3=1.4084 to 
1.4086. 

Cut B-2: 9.5 liters, a mixture of close-boiling olefins, 
bp 107.0° to 107.1°C/756 mm Hg, n3= 
1.4144 to 1.4146. 

Cut B-3: 8.0 liters, 2,3,3-trimethyl-1-pentene, bp 108.0° 
to 108.1°C/753 mm Hg, nZ=1.4173 to 
1.4175. 


A considerable amount of material between B-/ 
and B-2 has not yet been investigated. This 
intermediate contains 2,4,4-trimethyl-2-pentene, 
associated with at least two other compounds 
whose boiling points are near 105°C. 

Cut B-2 was refractionated. The presence of 
several compounds is indicated by the distillation 
data. A sample of B-2 was hydrogenated. 
Analysis of the product showed the presence of 
about 30 percent of 2,2,3- and 70 percent of 
2,3,4-trimethylpentanes. 

Cut B-3 was refractionated for isolation of a 
sample suitable for physical constant measure- 
ments. A sample of this material was oxidized to 
methyl t-amyl ketone (bp 130.8° to 131.2° C, 
n¥=1.4201), whose 2,4-dinitrophenylhydrozone 
melted at 111° to 112°C. Hydrogenation of a 
sample yielded 2,3,3-trimethylpentane (bp 114.5° 
C, n= 1.4073). 

Purification by refractionation of cut C gave 
100 liters of purified 3,4,4-trimethyl-2-pentene, 
bp 111.7° to 111.9°/751 mm Hg, n3=1.4231 to 
1.4233. The best sample from this fraction was 
used to determine the physical constants. The 
presence of cis and trans isomers, which were only 
partially separated by the fractionation, causes 
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Remarks 


Forerun. 

2,4,4-Trimethyl-1 pentene. 
2,3,4-Trimethyl-1-pentene. 
2,3,3-Trimethyl-1-pentene. 
3,4,4-Trimethyl]-2-pentene. 
2,3,4-Trimethy}-2-pentene. 
Residue. 


the wide boiling range. It is thought that the 
sample reserved for physical-constant measur. 
ments contained more of the  higher-boiling 
(trans?) isomer than of the lower-boiling con- 
pound. Oxidation of this compound by sodium 
dichromate produced pinacolone in 30 percent 
yield. 

Redistillation of 120 liters of cut D gave 45 lites 

of 2,3,4-trimethyl-2-pentene, bp 116.0°C/754 mm 
Hg, n= 1.4271 to 1.4272. 
Acknowledgment is made to Alexandra «& 
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Thanks are due the following persons for advice 
on various problems: Cecil E. Boord, Ohio Stat 
University, George Calingaert, Ethyl Corporation 
Research Laboratories, Nathan L. Drake, Univer 
sity of Maryland, Merrill R. Fenske, Pennsylvani 
State College, Frederick D. Rossini, National 
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